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Helicopter Rotors 


By C. D. DENNEY,! VENICE, CALIF. 


Considerable developmental work is progressing on 
various types of jet rotor systems for helicopters. Among 
these are the ramjet system, and the pressure system, 
which are described in some detail inthe paper. Applica- 
tion of the gas turbine for driving the compressor used in 
the pressure system is considered briefly, as well as use of 
the turbojet engine. A comparison of performance of the 
two principal jet-rotor systems under consideration with 
conventional helicopter-rotor drive is given, which indi- 
cates advantages for short-haul application over the con- 
ventional drive. 


INTRODUCTION 


INCE the advent of the various types of jet-propulsion en- 
gines, a great deal of time and money have been spent in an 
effort to apply jet propulsion to helicopter rotors. This 

effort was primarily prompted by the possibility of solving the 
age-old problem of fuselage torque compensation on the single- 
rotor type of helicopter. Since the jet-propelled rotor transmits 
no torque to the fuselage, all devices such as the commonly em- 
ployed auxiliary tail rotor are eliminated. In addition, an ex- 
pensive internal-combustion engine supplemented with trans- 
mission and clutch assemblies would no longer be required. It 
was believed that this would yield an aircraft with enhanced per- 
formance and greatly reduced mechanical complexity. 

To date, the jet-rotor developments have consisted primarily 
of design studies, and the fabrication and testing of whirl-stand 
rotors. In a few cases, an effort has been made to construct a 
complete aircraft and determine the flight characteristics. The 
outstanding example of this is the German jet-propelled heli- 
copter which was designed and built by Fredrick Dobolhoff. 
The Dobolhoff machine was brought to this country at the close 
of hostilities and currently is being flight-tested at Wright Field, 
Dayton, Ohio. This aircraft has been capable of hovering at low 
altitudes but the forward flight performance is definitely limited. 

At the present time, a surprisingly great number of organiza- 
tions, large and small, throughout this country are engaged in jet- 
rotor developments and are seriously considering the practical 
application of the jet-propelled helicopter. It appears that the 
jet-propelled helicopter is particularly suited for certain special- 
ized duties and a large potential market is considered by many to 
exist. 


Proposals for jet-propelled helicopters have considered many - 


different types of jet drives; however, only two types will be con- 
sidered in detail here. One is shown in Fig. 1, and is known as 
the “ramjet system.’”’ The extreme simplicity of a helicopter 
utilizing this type of power plant is obvious. It is noted that the 
complete propulsion system consists of a ramjet engine mounted 
on each rotor-blade tip. For operation of the ramjet engine, 
only fuel and ignition lines are required and these are integral 
with the blade structure. 


“1 Chief Helicopter Engineer, Marquardt Aircraft Company. 
Presented at the Aviation Meeting of Tas AMpRICAN SOCIETY OF 
Mecuanicat Encineers, Los Angeles, Calif., May 26-29, 1947. 
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understood as individual expressions of their authors and not those 
of the Society. 
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Fig. 2 Pressurn-Typr Jet-PRopeLLep HELICOPTER 


The ramjet engine is the simplest of power plants, having no 
moving parts and requiring no lubrication. Consequently, the 
initial cost is extremely low and essentially no maintenance is 
required. 

The ramjet engine is incapable of producing a useful static 
thrust; thereby necessitating a rotor-starting device. This can 
take the form of a small internal-combustion engine or electric 
starter geared to the rotor shaft, or it is considered possible to 
start the rotor with small rocket charges located at the blade 
tips. In either event, the starting problem is considered relatively 
minor since the power required to accelerate the rotor is quite 
small at zero lift coefficient. 

The second jet system considered is shown in Fig. 2, and is 
termed the “pressure system.” Here, a relatively low-horse- 
power conventional internal-combustion engine is employed to 
drive an air compressor in the fuselage. The pressurized air is 
driven through the hub and along internal blade ducts to a con- 
stant-pressure burner mounted at the blade tip. Fuel is intro- 
duced into the system either at the compressor or blade tip, 
forming a combustible mixture. The mixture is ignited in the 
tip burner and the products of combustion are expanded to at- 
mospheric pressure by an exit nozzle, thus producing the force 
which propels the rotor. This type of system is that which was 
employtd by Dobolhoff in the German jet helicopter. 

It is noted that the inherent simplicity of the ramjet system 
is not present here. However, as will be shown later, the ad- 
vantage of this system lies in its reduced fuel consumption. 

The inherent properties of jet-powered rotors are largely dif- 
ferent from rotors which are gear-driven and a different type of 
design criteria is required. A design analysis of the ramjet and 
pressure type of propulsion systems has been made, and the re- 
sults of this analysis indicate the distinguishing characteristics 
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of the two types of jet-propelled rotors. It is not possible to pre- 
sent a complete explanation of the method used in the analysis, 
or the basis for the several assumptions which are necessary. 
However, the method is quite fundamental and the assumptions 
are in accordance with experimental data. 

In the analysis, an effort has been made to evaluate the effect 
of a change in the various design parameters upon performance. 
The major design parameters involved in both propulsion systems 
are the rotor-disk loading, rotor solidity, blade-tip speed, and 
blade lift coefficient. In addition, for the pressure type of pro- 
pulsion system, the value of the pressure ratio across the air com- 
pressor is important. ; 

The rotor-disk loading is equivalent to the thrust produced 
by the rotor, divided by the area of the rotor disk, or, for an air- 
craft with a fixed gross weight, a low disk loading indicates a rotor 
of large diameter, and a high disk loading dictates a small rotor 
diameter. The rotor solidity is the ratio of the blade area to the 
rotor-disk area. For a rotor with a fixed number of blades, a low 
solidity indicates a small blade chord, and the converse for a high 
solidity. The blade-tip speed, blade lift coefficient, and pressure 
ratio across the compressor are considered self-explanatory. 

The analysis considers only the hovering-flight condition; how- 
ever, this is adequate to investigate the effect of a change in the 
various design parameters. The ratio of the air flow to the fuel 
flow in the jet burners has been considered to be 1 to 20 ty weight 
for both systems. A slight change in this design fuel/air ratio does 
not affect the trends to be shown appreciably, but the magnitude 
of the fuel-consumption values should be corrected according to 
any deviation. 


Ramjet System 


For the ramjet system, the principal criterion used in evalu- 
ating the effect of a change in design parameters is the fuel con- 
sumption per hour of flight. It is convenient to express the fuel 
consumption as a function of the gross weight of the aircraft: 
This is termed a weight specific fuel consumption given in pounds of 
fuel consumed per hour per pound of gross weight or rotor thrust. 
This permits a determination of the fuel consumption per hour 
for any size aircraft. In computing the weight specific fuel con- 
sumption, the performance properties of the ramiet. engine are 
first determined as a function of velocity. These properties are 
completely independent of the helicopter rotor. The character- 
istics of the rotor as a function of the disk loading, solidity, and 
tip speed are then determined, and these are independent of the 
propulsion system. By combining the ramjet engine and rotor 
properties, the fuel consumed as a function of aircraft gross weight 
is known. 

Figs. 3, 4, and 5 show typical ramjet-engine performance 
characteristics. These characteristics are based upon relatively 
small engines which would be suitable for powering helicopters 
with gross weights of 2000 lb or less. The performance of larger 
ramjet engines capable of powering heavier aircraft is improved 
materially over that presented here. However, all trends indi- 
cated are independent of aircraft size. In the charts, the engine 
thrust coefficient, specific fuel consumption, and drag coefficient 
are shown as a function of velocity or blade-tip speed. The thrust 
coefficient is an indication of the ability of the engine to produce 
thrust and, as noted, this increases slightly with increasing tip 
speed. 

The thrust coefficients shown in Fig. 3, are gross values and, in 
order to obtain the net thrust applied to the rotor, it is necessary 
to substract the drag coefficients shown in Fig. 5. 

The engine specific fuel consumption, shown in Fig. 4, is given 
in pounds of fuel consumed per hour per pound of jet-engine 
thrust.. This is not to be confused with rotor thrust or aircraft 
gross weight. It is noted that a rapid decrease in specific fuel con- 


‘sumption occurs with increasing tip speed. 
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Increasing the tip 
speed from 500 fps to 700 fps results in a 40 per cent reduction 
in specific fuel consumption. This ram-jet characteristic of 
great saving in fuel consumption at high tip speeds is the most 
important factor in determining the optimum values for the 
rotor design parameters. It is indicated here that a designer 
of a ramjet rotor should use the highest permissible tip speed. 

Fig. 5 shows an assumed jet-engine drag coefficient which has 
a constant value up to a tip speed of 800 fps. At a tip speed 
slightly above 800 fps, experimental data indicate that the critical 
velocity occurs, and the drag coefficient increases rapidly. How- 
ever, the rotor-tip speed is limited to a value below 800 fps for 
all flight conditions due to compressibility drag on the rotor blade. 
Consequently, the exact tip speed at which the drag coefficient of 
the jet engine increases is not important to this analysis. 

The characteristics of the helicopter rotor are not shown since 
they are common to all helicopters independent of the type of 
drive used. However, the method was to determine the rotor 
horsepower required per pound of aircraft gross weight for various 
disk loadings, solidities, and tip speeds. By combining these 
data with the ramjet-engine properties, the performance char- 
acteristics of the complete ramjet rotor are known. 

Fig. 6 is a typical ramjet-rotor design chart showing the effect 
on fuel consumption of a variation in rotor solidity and rotor-tip 
speed. These data are based upon a rotor-disk loading of 2.5 psf, 
but the trends indicated do not change for a variation in this pa- 
rameter. Each solid line is for a constant rotor solidity, and each 
dash line represent a constant rotor-tip speed. The ordinate for 
the plots is the fuel consumed per hour per pound of rotor thrust 
or gross weight, and the mean rotor lift coefficient is shown as the 
abscissa. This lift coefficient varies as a result of & variation in 
the tip speed and solidity. . 

By following either of the solid lines representing constant 
rotor solidity, it is noted that the fuel consumption is increasing 
as the tip speed decreases. As an example, for a rotor solidity of 
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0.03, an 18 per cent saving in fuel consumption is achieved by in- 
creasing the tip speed from 600 to 700 fps. By increasing further 
the tip speed to 800 fps, an additional 11 per cent reduction in 
fuel consumption is realized; however, operation in the hovering- 
flight condition at tip speeds appreciably above 750 fps is pro- 
hibited due to compressibility drag on the rotor blade. 

The effect on fuel consumption of a change in rotor solidity is 
shown in this figure by following either of the lines of constant tip 
speed. It is noticed that, as the solidity is decreased for any given 
tip speed, the fuel consumption is decreased significantly. Using 
the plot for a tip speed of 700 fps as an example, a reduction in 
rotor solidity from 0.04 to 0.03 results in a 17 per cent saving in 
fuel consumption. By reducing the solidity to 0.02, a further 14 
per cent saving is achieved. However, a design solidity below 
0.02 is considered impractical from a blade-structure standpoint 
and also, as is indicated later, the minimum solidity which can 
be used is affected by the maximum design speed of the aircraft. 

It is noted from Fig. 6 that, as the solidity is decreased for a 

constant tip speed, the mean rotor lift coefficient is increased. 
This increasing lift coefficient is responsible for the decreased fuel 
consumption in that the airfoil sections of the rotor blade are 
operating more efficiently at the higher lift coefficients. 
_ The data in this figure have demonstrated the definite advan- 
tage of designing a ramjet rotor with low solidity such that 
operation at high tip speeds can be accomplished efficiently with 
a relatively high lift coefficient. Since the proper selection of the 
rotor solidity is critical in a ramjet-rotor design, it should be 
chosen carefully considering all factors involved. 

Affecting the optimum design solidity are the limits imposed 
on the blade-tip speed due to compressibility drag on the airfoil 
sections, and the limits imposed on the mean rotor lift coefficient 
due to stalling of the retreating blade in forward flight. Both of 
these limitations are functions of the forward flight velocity of the 
aircraft. The tip-speed Hmit decreases with increasing forward 
flight speed. This is due to the flight speed adding to the rota- 
tional speed of the rotor when a blade is in the advancing azi- 
muth position. Consequently, as the forward flight speed in- 
creases, the tip-speed limit must decrease, in order to maintain a 
constant air velocity relative to the blade tip. 

The magnitude of the reduction of the tip-speed limit with in- 
creasing forward speed is also affected by the rotor lift coefficient. 
This is due to the fact that the speed at which compressibility 
drag occurs decreases as the lift coefficient increases. 

The limit imposed on the mean rotor lift coefficient is a result of 
the velocity differential between the advancing and retreating 
blades in forward flight. This velocity differential necessitates a 
cyclic-change in lift coefficient in order to maintain a nearly con- 
stant lift as the blade travels around the azimuth. Rotors with 
conventional airfoil sections stall at a mean lift coefficient of 
approximately 1. Therefore, the lift coefficient must not exceed 
this value at any azimuth position. The limiting mean rotor lift 
coefficient decreases with increasing forward speed due to the 
increased velocity differential as the blade travels around the 
azimuth. 

By considering both of these limitations for several rotor-disk 
loadings, the solidity design chart, shown in Fig. 7, is obtained. 
Here, the disk loading is plotted as a function of the solidity for 
several design maximum forward flight velocities. This chart 
enables the designer to select the solidity value which yields 

minimum fuel consumption for a given disk loading and given 
design maximum forward speed. This solidity value is shown to 
increase with increasing maximum design speed and with increas- 
ing rotor disk loading. 

It is noted that with a change in maximum design forward 
speed, an appreciable change in solidity is required. Therefore, 
it is important that a designer carefully select a maximum de- 


sign speed compatible with the use for which the aircraft is in- 
tended. 

For example, if a disk loading of 2.5 psf is being used and if 
the design maximum forward speed is 80 mph, the desired rotor 
solidity is 0.025. If a lower solidity is employed, the rotor is 
subject to compressibility drag or tip stall at high speeds, and if 
a higher solidity is chosen, an unnecessary increase in fuel con- 
sumption will result. 

Selecting the optimum rotor solidity for a given disk loading 
from Fig. 7, and applying the basic fuel-consumption data, Fig. 8 
is obtained. Here, the fuel consumption per hour per pound of 
gross weight is plotted against rotor-disk loading for several de- 
sign maximum speeds. It is remembered that all fuel-consump- 
tion data presented have been based upon hovering-flight con- 
dition and, likewise, the data in this figure give the fuel consump- 
tion in the hovering condition but for aircraft designed to attain 
a specified forward speed. No indication is given of the fuel 
consumption when the aircraft is operating at its maximum de- 
sign speed. However, for most designs this usually is not a great 
deal higher than the fuel consumption in the hovering condition. 

The solid lines in Fig. 8, indicate the fuel consumption as 
a function of the rotor-disk loading for various design maximum 
speeds; however, the data are based upon the supposition that 
the pilot is operating the aircraft at the tip speed required at the 
maximum design speed of the aircraft. As previously indicated, 
the tip speed can be considerably greater in hovering than in for- 
ward flight. Assuming that the pilot increases the tip speed in 
hovering flight to its maximum allowable value, the fuel con- 
sumption is decreased to that indicated by the dash lines. As the 
pilot, in the hovering condition, increases the tip speed from that 
represented by the solid lines to that represented by the dash 
lines, the operating fuel/air ratio of the jet engine must be de- 
créased simultaneously. In computing the dash-line data, it was 
assumed that the combustion efficiency and friction pressure loss 
through the ramjet engine did not change for the fuel/air-ratio 
range considered. , 

For:a given design forward speed, it is noticed that there is 
an appreciable difference in fuel consumption represented by the 
two sets of data. This indicates two important characteristics 
of the ramjet helicopter. The first, as was previously indicated, 


‘is that proper piloting of the aircraft is important if maximum 


fuel economy is to be achieved. It is also shown qualitatively that — 
an aircraft designed to attain a certain specified forward speed 
automatically provides a great deal of excess power in the hover- 
ing and slow-speed flight conditions merely by increasing the 
operating fuel/air ratio of the jet engine. This serves to give a 
high-performance aircraft in the hovering and slow-speed flight 
conditions. : 

Also, this means that for a given disk loading, the size of jet 
engine required is determined by the maximum design speed of 
the aircraft. This is strictly true for the higher design maximum 
forward speeds; however, for the lower speeds, it may be neces- 
sary to increase the jet-engine size slightly in order to achieve the 
desired vertical-flight performance. This conditién has not been 
investigated quantitatively. 

It is also shown in Fig. 8, that for the hovering flight condition, 
an appreciable sacrifice in fuel consumption must be made as 
the maximum design forward speed increases. Again, it is 
pointed out that it is important for a designer to select a design 
maximum forward speed carefully in accordance with the intended 
use of the aircraft. 

In addition, it is noted from Fig. 8, that for any design maxi- 
mum speed, there is a slight increase in fuel consumption as the 
disk loading increases. The fact that fuel consumption increases 
only slightly with increasing disk loading is a distinguishing char- 
acteristic of the ramjet helicopter. This means that it is possible 
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to design an aircraft to carry a greater load with a given rotor 
diameter and only a slight increase in the fuel-consumption re- 
sults; or, for a given aircraft gross weight, the rotor size can be 


_ reduced with a relatively small sacrifice in fuel consumption. This 


serves to yield a small compact type of aircraft. 

However, there is a secondary criterion which possibly may 
affect the design disk loading; and that is,.the size of jet engine 
required. From Fig. 9, it is shown that the cross-sectional area 
of the jet engine increases as the disk loading increases for a given 
design maximum forward speed. This, in turn, means an en- 
gine weight increase with increasing disk loading. The jet-engine 
weight tends to vary approximately in a linear manner with cross- 
sectional area. Therefore, at a design speed of 100 mph, by in- 
creasing the design disk loading from 3 psf to 4 psf, a jet-engine 
weight increase of approximately 15 per cent results. The effect 
which the engine-weight increase should have on the design disk 
loading depends largely upon the type of blade structure used; 
therefore, it is difficult to make any general comments concerning 
this parameter. ; 


An important characteristic of the ramjet engine, which has 


not been considered in this analysis, is the effect that yaw angle ~ 


has on performance. As the aircraft goes into forward flight, the 
air flow is no longer perpendicular to the blade-span axis at all 
blade azimuth positions. The greater the forward speed, the 
greater the yaw angle at which the jet engine operates. Suf- 
ficient data are not available on the effect of yaw angle to con- 
sider it in this analysis, with any degree of accuracy. 

It is also noticed that the size of the starting engine has not 
been considered. However, this is not necessary since the starting 
engine required is essentially independent of the design parameters 
involved. 

In addition, no mention has been made of the desired number 
of rotor blades. This is likely to be determined by the fact that 
the optimum design solidities are relatively low, and the fewer 
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blades used the larger the chord per blade; hence a reduction in 
the blade structural problem. A one-bladed rotor is usually con- 
sidered undesirable due to its adverse vibrational characteristics. 
However, the two-bladed rotor has been used quite extensively 
on the conventional-type helicopter, and it is believed, to be the 
most desirable configuration for the jet-propelled type. ce vie 

In summary, the major design points resulting from this ram- 
jet-rotor analysis are as follows: ' 

A-slight saving in fuel consumption results with low disk load- 
ings and, if the rotor diameter is not an important factor, con- 
sidering the intended use of the aircraft, a relatively low design 
disk loading should be used. Upon selection of the design disk 
loading, the design maximum forward speed should be chosen 
carefully, and the solidity required to produce minimum fuel con- 
sumption should be used. If a higher solidity is used, an appre- 
ciable sacrifice in fuel-consumption results unnecessarily. 

The size of jet engine required is determined from the rotor-disk 
loading and the maximum design speed. If the design maximum 
forward speed is relatively high, it is probable that sufficient excess 
power will be available in hovering flight to provide the desired 
vertical flight performance. If the design maximum speed is 
quite low, it likely will be necessary to increase the size of the jet 
engine in order to achieve the desired performance. 

Also, proper piloting of the aircraft is important in order to 
achieve minimum fuel consumption and the maximum perform- 
ance. 


PRESSURE SYSTEM 


The pressure type of jet-propulsion system is now considered. 
In the pressure system it is recalled that an air compressor,-driven 
by an internal-combustion engine, is required to supply air to 
the jet units through internal blade ducts. Fuel is mixed with 
the pressurized air, and the combustible mixture is ignited and 
burned in a blade-tip jet unit. : : 

In the pressure system, it is not possible to separate the per- 
formance of the jet unit from the rotor performance, as was pos- 
sible in the ramjet system. This is because the internal duct 
area of the rotor blades and concurrently the frictional pressure 
losses are a. function of the rotor solidity and these pres- 
sure losses have a significant effect on jet-unit performance. 

The method of analysis is similar to that used for the ramjet _ 
system in that the rotor horsepower required per pound of gross | 
weight is determined as a function of rotor-disk loading, solidity, 
and tip speed. Knowing the required rotor power, the fuel con- 
sumption of the jet unit required to generate this rotor power is 
determined. In computing the fuel consumption, standard 
thermodynamic relationships with factors based upon experi- 
mental data are used. 

The first design parameter to be ihvestigated is the pressure 
ratio across the air compressor in the fuselage. In Fig. 10, a 
typical plot of the fuel consumption of the jet unit in pounds per 
hour per pound of rotor thrust or gross weight is shown as a 
function of pressure ratio. It is noted that the fuel consumption 
decreases very rapidly with increasing pressure ratio. This trend 
is comparable to the rapid decrease in fuel consumption of the 
ramjet engine with increasing velocity, since a velocity increase 
represents a pressure increase. By increasing the pressure ratio 
from 2:1 to 4:1, a 32 per cent saving in fuel consumption is 
achieved; however, as the pressure ratio increases, the horse- 
power required to drive the air compressor increases quite rap- 
idly. Fig. 11 is a plot of the ain horsepower on the outlet side of 
the air compressor per pound of rotor thrust as a function of the 
pressure ratio. Here it is seen that if the pressure ratio is in- 
creased from 2:1 to 4:1, the air horsepower required is increased 
approximately 34 per cent. These two trends tend to balance 
each other in that for a given flicht duration, the weight saved 
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at high pressure ratios due to a decreased fuel consumption is 
counteracted by the weight increase due to the larger compressor 
and internal-combustion-engine combination. 

In order to evaluate this quantitatively, the weight of the fuel 
consumed by the jet unit plus the weight of the compressor and 
internal-combustion-engine combination and its final consumption 

are plotted against pressure ratio in Fig. 12, for three different 
flight durations. It has been assumed that the air compressor has 
an efficiency of 75 per cent and that the compressor and engine 
installation weighs 2.2 lb per engine hp. The fuel consumption 
of the internal-combustion engine is considered to be 0.6 lb per 
hp. It is noted that these curves are relatively flat. However, 
if an aircraft is designed for an endurance of only 1 hr, a slight 
saving is to be achieved by designing the compressor to operate 
at a pressure ratio of approximately 2 to 1, and for longer endur- 
ances, a pressure ratio of approximately 3 to 1 is desirable. 

Secondary criteria, such as the jet-unit size, possibly should 
be considered in selecting a design pressure ratio. As the pres- 
sure ratio increases, the jet-unit size and concurrently the jet- 
unit weight decrease, thereby tending to decrease the blade struc- 
tural problem. On the other hand, the blade sealing problems 
become more difficult as the pressure ratio increases. Also, from 
these charts, it is indicated that a high pressure ratio has a tend- 
ency to increase the initial cost of the aircraft and decrease the 
operating cost in that a larger internal-combustion engine and 
air compressor are required, and the fuel consumed by the jet 
burner is reduced; the converse being true for a low pressure ratio. 
The importance of this criterion is dependent largely upon the 
intended use of the aircraft. 

The remaining data to be presented on the pressure system are 
based upon a pressure ratio of 3 to 1; however, the trends to be 
indicated are applicable to other design pressure ratios. 

A typical set of data showing the effect on performance of a 
variation in roto? solidity and rotor-disk loading are shown in 


Fig. 13. The data are based upon a constant lift coefficient of 
0.6; however, the trends shown do not change appreciably for a 
variation in this value. As noticed, the fuel consumption of the 
jet unit per hour per pound of rotor thrust is plotted as a function 
of the rotor solidity for several disk loadings. The crossing 
diagonal plots are lines of constant tip speed. 

It is noticed that the fuel consumed by the internal-combustion 
engine, used to power the compressor, is not included in this 
plot. This is not needed in order to show the effect of a change 
in the design parameter, since, with a constant pressure ratio 
across the compressor, the engine fuel consumption varies di- 
rectly with the jet-unit fuel consumption, and the trends indi- 
cated would remain unchanged. 

Following either of the constant disk-loading curves, it is 
noticed that the fuel consumption is reduced appreciably with 
decreasing solidity. However, there is a sharply characterized 
lower limit to which the solidity can be reduced. This low limit 
is determined by the frictional losses in the internal air duet of the 
rotor blades. The data shown in this figure are based upon a 
two-bladed rotor, using a monocoque type of blade construction 
with an internal duct area equal to 70 per cent of the airfoil- 
contour area. The duct losses for a given solidity are a function 
of the number of blades and the type of construction employed; 
therefore, a change in either of these variables will change the 
low solidity limit. For example, this chart shows the low solidity 
limit to be 0.02 for a disk loading of 2.5 lb per sq ft, but for a 
three-bladed rotor, with the same disk loading, the low solidity 
limit is approximately 0.03. As stated, the solidity limit also is 
affected materially by the type of blade construction, thereby 
indicating that in general a two-bladed rotor with monococoque , 
blade construction is the most desirable, if the unsatisfactory use 
of a one-bladed rotor is precluded. In addition, the solidity 
limitation is a function of the air-compressor pressure ratio, and ° 
the specific data presented in the chart are applicable only for a 
ratio of 3 to 1. 

With a decreasing solidity for any disk loading, it is noticed 
from the diagonal plots that the tip speed is increasing. This 
increasing tip speed is primarily responsible for the decreased 
fuel consumption. As for any constant-pressure’ thermal-jet 
engine, the propulsive efficiency of the blade-tip unit is in- 
creased materially with increasing velocity. 

It is also indicated in this figure that a saving in fuel consump- 
tion is achieved by designing with low rotor-disk loading; how- 
ever, the disk-loading parameter is evaluated more accurately in 
a later chart. The advantage of designing a “‘pressure” type jet 
rotor with relatively low solidity such that it is possible to operate 
efficiently at high tip speeds has been indicated by these curves. 
This same conclusion was drawn for the ramjet system and, in 
the same manner, the tip speed and lift coefficient must be 
limited as a function of the forward flight velocity. 

As a result, the solidity design chart explained for the ramjet 
system is also applicable to the pressure type of jet rotor and it 
is repeated here as Fig. 14. After a design disk loading and de- 
sign maximum forward speed have been selected, the solidity re- 
quired to achieve maximum fuel economy is determined from 
this chart. However, the solidity values determined must be in 
excess of the low solidity limits as established from plots similar 
to Fig. 13. 

Considering all limitations, the fuel consumption of the jet 
unit in pounds per hour per pound of rotor thrust is plotted as a 
function of the rotor-disk loading, in Fig. 15. Here, hovering- 
flight fuel-consumption plots are shown for aircraft designed to 
attain a maximum speed of 120 mph down to aircraft designed 
only for hovering flight. It is noted that the curves for.relatively 
low design speeds, 0 to 40 mph, are quite flat; thereby indicating 
that a relatively high disk loading can be used without a great 
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sacrifice in fuel economy. As the design forward speed increases, 
it is evident from the curves that a greater sacrifice in fuel con- 
sumption is made with increasing disk loading. For example, 
at a design speed of 40 mph, the disk loading can be increased 
from 2 lb per sq ft to 4 lb per sq ft with only an 8 per cent increase 
in fuel consumption. However, a 20 per cent increase in fuel con- 
sumption results for the same disk loading increase at a design 
speed of 100 mph. Therefore, in selecting a design disk loading 
for a pressure-type jet rotor, particular attention should be given 
to the maximum design speed of the aircraft. In general, at low 
design speeds, the advantages of high disk loading and small 
rotor diameter can be achieved without a great sacrifice in fuel 
economy. At higher design speeds, it is quite advantageous to 
design with relatively low disk loadings. 

From this same figure, by noting the rapid increase in fuel con- 
sumption with increasing design speed for any disk loading, the 
importance of selecting a design maximum speed carefully is 
apparent. For example, the fuel economy would be reduced 
significantly if an aircraft were designed.to attain a maximum 
speed of 120 mph, and the aircrafts application did not require 
a speed in excess of 80 mph. This same condition exists for the 
ramjet rotor, and it is an inherent characteristic of any rotor 
driven by a propulsion system which becomes more efficient as 
the tip speed increases. 

To summarize the data on the pressure type of jet rotor, it 
has been shown that an air-compressor pressure ratio of approxi- 
mately 2 to 1 is optimum if it is not necessary for the endurance 
of the aircraft to exceed 1 hr. For endurances greater than 1 hr, 
a slight advantage is gained by increasing the pressure ratio to 
approximately 3 to 1. The advantage of using the proper rotor 
solidity, as determined by the maximum design speed of the air- 
craft and affected by the number of rotor blades and the type of 
’ blade construction, has been shown. The desirability of selecting 
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a design maximum speed carefully in accordance with the in 
tended use of the aircraft has been indicated and a low dis 
loading definitely should be used if the design speed is relatively 
high. i 
Usr or Gas TurBINE TO Drive AIR COMPRESSOR 

In order to improve performance, various modifications of the 
pressure type of jet propulsion have been proposed. For ex- 
ample, it is possible to improve the over-all performance mate- 
rially by using a gas turbine to drive the air compressor instead | 
of an internal-combustion engine. In using a gas turbine, the 
air from the compressor is ducted to the blade-tip units and 
burned in the same manner as,described previously. The per-| 
formance is improved with this system primarily, due to the un-| 
usually low installation weight of the gas-turbine type of power | 
plant. } 

It is possible further to improve the performance of the air-| 
craft with the gas turbine by using a heat exchanger to transfer 
a portion of the heat energy in the turbine exhaust to the air 
which is ducted to the rotor blades. This scheme makes it pos- 
sible to utilize a portion of the exhaust energy, which otherwise 
would be wasted, and the rotor performance is improved mate- 
rially. oe 

Another modification of the pressure type of propulsion system 
is to supply air to the blade-tip burners by ducting the exhaust 
of a standard turbojet engine through the rotor blades. The | 
turbojet exhaust temperature is normally about 1200 F, which 
makes burning in the blade-tip burner very efficient. On the | 
other hand, this high temperature creates difficult blade struc- 
tural problems, and the possibility of leakage in the system is | 
greater. These obstacles may not be insurmountable if the re- 
cently developed high-temperature alloys are used. 


OTHER Types or JET DRIVES 


Both of these modified systems for supplying air to a blade-tip | 
burner require the same general type of rotor design as the sys- 
tem using an internal-combustion engine and air-compressor 
combination. Several other interesting and promising types of | 
jet-propulsion systems have been proposed for helicopter rotors | 
and, in general, these require an entirely different type of rotor 
design from that indicated for the ramjet or pressure systems. 
For example, the configuration known as a ‘‘cold-air’’ system, 
where atmospheric air is pressurized by any of several means in 
the fuselage and ducted through the rotor with ejection at the 
blade tip without burning fuel, requires relatively low tip speeds 
and high solidity for efficient operation. This is primarily be- 
cause the efficiency of the system depends upon a very low pres- 
sure ratio across the air compressor, which permits the movement 
of a large mass of air at low velocity. Also, in the ‘‘cold-air”’ 
system without burning at the blade tip, it is highly desirable to 
design with an unusually low disk loading. 

As in the “pressure” system, the standard turbojet engine can 
be used to modify the ‘“‘cold-air” system with materially improved 
performance. Here, the turbojet exhaust is ducted through the 
rotor and expelled at the blade tip without additional burning. 
Again, since no fuel is burned at the blade tip, a low tip speed, 
and, in general, a relatively high solidity are required. 

Some attention has been given to the “‘pulse-jet”’ type of en- 
gine for the propulsion of helicopter rotors; however, the present 
state of development of this engine prevents its immediate use. 
On the other hand, when the present performance of the pulse- 
jet engine at speeds of 400 to 500 fps is improved materially, the 


pulsejet will be a very attractive power plant for the helicopter 
rotor. 


PERFORMANCE CoMPARISON 
It will be recalled from the fuel-consumption data, that the 
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ramjet propulsion system consumes a great deal more fuel per 
hour than an internal-combustion engine producing an equivalent 
power. The pressure system also has a higher fuel consumption 
than an internal-combustion engine, but appreciably less than the 
ramjet system. The advantage of either propulsion system over 
a conventional rotor drive lies in the decreased structural and 
equipment weight of the aircraft. This weight is greatly reduced 
in the jet-propelled helicopter due to the elimination of the aux- 
iliary torque-compensating rotor and the structure required to 
support it; due to the elimination of clutch, free wheeling, and 
transmission assemblies; and due to the elimination of a large 
internal-combustion engine. Of course, in the pressure system, 
a relatively low-horsepower engine is required to drive the com- 
pressor. The structural.and equipment weight saved by using a 
jet-propulsion system can be used to carry additional fuel or 
additional pay load, dependent upon the duration of flight. Con- 
sequently, for flights of relatively short duration, when it is not 
necessary to carry a large quantity of fuel, the weight saved in the 
jet-powered helicopter can be used to transport a greater pay load. 

A performance comparison based upon pay load has been made 
between a helicopter of the conventional type and an equivalent 
helicopter using each of the jet-propulsion systems which have 
been described in detail. For the conventional type, data from 
the Army R-5 helicopter have been used. This aircraft has a 
gross weight of 4800 lb and uses a 450-hp engine. By removing 
the equipment and structure of the R-5 which would not be re- 
quired if a jet-powered rotor were used, and replacing this weight 
with fuel and pay load, the data shown in Fig. 16 result. In this 
plot, the increased pay load over that which is normally carried 
by the Army R-5 helicopter is shown as a function of flight dura- 
tion for both the ramjet and pressure types of propulsion sys- 
tems. The data for the pressure system are based upon a com- 
pressor pressure ratio of approximately 2:1. It is noted that for 
a ramjet helicopter, equivalent in size to the Army R-5, a greater 
pay load can be carried up to an endurance 11/;hr. If it is neces- 


sary to fly for only !/2 hr, as much as a 1000 lb additional pay load 
can be carried by the ramjet helicopter. 

For an equivalent helicopter using the pressure type of jet- 
propulsion system, a greater pay load can be carried up to an 
endurance of 2!/, hr® For an endurance of 1 hr, approximately 
750 lb additional pay load can be transported. 

These characteristics of the jet-propelled helicopter make it 
particularly suited for specialized applications where only a rela- 
tively short endurance is required. However, for endurances of 
4 and 5 hr, the two types of jet helicopters which have been con- 
sidered in detail cannot compete favorably with the conventional 
type. 
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From a military standpoint, the jet-propelled helicopter could 
be used to advantage for transporting heavy equipment for a short 
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‘Fie. 18 Ramset-ENGINE Wuirt-Test Rie 


distance in the field; such as crossing rivers or any other kind of 
barriers. - Commercially, it appears that. the jet-powered heli- 
copter would be economically superior for short-haul transporta- 
tion of cargo or passengers such as shuttle runs between a 
municipal airport and the city proper. The operating cost of the 
jet helicopter due to fuel consumption is greater than the con- 
ventional type even for a short endurance; however, the return 
from the increased pay load would make this an insignificant fac- 
tor. 


Marquarpt Arrcrart Jet-Rotor DEVELOPMENTS 


Shown in Fig. 17, is a whirl-stand rotor using the pressure type 
of propulsion system. This rotor has been developed and tested 
under Army contract. Air is supplied to the rotor through the 
duct shown and fuel is injected through a manifold just below the 
rotor hub. The fuel and air mixture is ignited and burned at the 
blade tip. The test data from this whirl-stand rotor agrees fa- 
vorably with the analytical data. 


Fig. 18 shows a ramjet-engine whirl-test rig. The jet engine 
is mounted on a counterbalanced steel tube. An electric motor 
is used to accelerate the engine to the velocity required for start- 
ing. Fuel and ignition systems are built in the whirling arm 
and controlled remotely. .The engine shown here is 6.6 in. diam 
and weighs only 12 lb. : ; 

Two such engines mounted on a properly designed rotor would 
be capable, of propelling a helicopter with a gross weight of ap- 
proximately 1300 lb. ’ 


CONCLUSION 


In conclusion, it should be mentioned that the jet-propelled. | 
helicopter is still a relatively new type of aircraft, and a great 
deal of development testing is yet to be accomplished before a 
utility aircraft can be realized. However, development work 
appears to be progressing quite rapidly, and it is not un- 
reasonble to anticipate a practical aircraft in the relatively near 
future. 


: Heat-Transfer Temperature Patterns of a 
Multicomponent Structure by 


~ Comparative Methods 


By C. F. KAYAN,! NEW YORK, N. Y. 


For a thick two-dimensional corner composed of two 
different materials of unequal thickness, with fluid- 
boundary conductance on each side, and with a tempera- 
ture difference established between the two boundary 
fluids, the isotherms throughout the solid corner are dis- 
torted in irregular fashion. Accordingly, calculation is 
difficult. This problem has been studied by various meth- 
ods and comparative results have been obtained for the 
internal temperature distribution. The methods include 
the experimental “‘geometrical’’ and the network electrical 
analogies, as well as the solution of the equivalent electri- 
cal network by the process of arithmetical iteration. 


INTRODUCTION 


REDICTION of the temperature patterns for a multi- 

component complex wall between two heat-transfer fluids 

is rendered difficult when the isotherms themselves are dis- 
torted in irregular fashion. Orthodox mathematical techniques 
normally are not sufficient for numerical evaluation, and special 
techniques, consequently, take on particular significance. 

The multicomponent complex structure herewith studied is a 
thick corner composed of two materials of different thickness and 
of widely differing conductivity. The fluids on the inside and out- 
side surfaces, representing the high and low temperature levels, 
respectively, are considered as having different boundary con- 
ductances. In this study the wall materials are considered 
homogeneous and of constant conductivity, i.e., independent of 
temperature. Joint resistance between adjacent layers is dis- 
regarded, and the boundary conductance for each fluid is con- 
sidered to be uniform over the surface in question. 

The cross section of the corner as studied is shown in Fig. 1. 
As such this represents a two-dimensional heat-transfer problem, 
with assumed thermal conductivities of 1.00 and 4.00 Btu/(ft?) 
(hr)(F/in.) for the inner and outer layers, respectively. The 
mner layer is uniformly 2 in. thick, and the outer layer 2 in. 
thick on one side and 3 in. thick on the other. The section stud- 
ed runs 10 in. in each direction, as measured from the outside 
sorner. A surface conductance, ha = 5 Btu/(ft*) (hr) (F) has been 
assumed for the inside-surface conditions, and ha = 2 for the 
sutside, as representative of conditions due to air, for example. 
[he heat flow is presumed to be in steady state from the inner 
Juid to the outer fluid, on the basis of the prevailing temperature 
lifference. The composite structure is one such as may be 
‘ound, for example, in refrigeration practice. 

Under the circumstances, the isotherms throughout the solid 
ection may be expected to be distorted in complex fashion. The 
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problem therefore is one of establishing just how these are posi- 
tioned within the section. With the temperature pattern of the 
Structure established, particularly along its surface, the heat- 
transfer characteristics of the system may be set up. 

At the outset it must be emphasized that the results of the pres- 
ent analysis by the different ensuing methods must be recog- 
nized as being based solely on the assumed basic data, i.e., ther- 
mal conductivities and boundary conductances. It is of course 
further understood that the values assumed for the analysis have 
been selected arbitrarily. 

This paper reports the comparative results for this two-dimen- 
sional steady-state problem by several comparative methods. 
The philosophy underlying these is that of the so-called resistance 
concept of heat transfer. Herein specifically the flow of heat in 
thermal circuits is regarded as behaving in parallel fashion to 
the flow of current in electrical circuits, as expressed by Ohm’s 
law. Accordingly, the characteristics of the heat flow are estab- 
lished by analogy through the study of an equivalent etectrical 
system. Determination therefore of the isopotential lines 
through the electrical study permits translation into equivalent 
isothermal lines, and thereby permits establishment of the tem- 
perature distribution in accordance with the impressed over-all 
temperature difference. ‘ 

Herein use is to be made of the potential-difference ratio c, 
defined 
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Ae, = potential difference between lower (base) potential level 
and a given point x within the flow field 

Ae = electrical potential difference between lower and upper 
potential level 


From the electrical studies which establish the value of ¢, 
equivalent temperatures throughout the thermal structure may 
be established as representative of actual conditions 


temperatureat given point 2, deg F 

uniform temperature of fluid at lower temperature level 

temperature difference, deg F, between fluid at lower 
temperature level and fluid at higher temperature level 


a 
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The following heat-transfer resistance-concept relationships 
are also of interest 


equivalent thermal resistance at fluid boundary, as, for 
. example, for air, F/[Btu/(ft?) (hr)] 
fluid boundary-surface conductance, Btu/(ft®) (hr) (F) 
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Fic, 1 Cross Section or Corner SHOwING Two-LayER CONSTRUCTION 


The resistance R,, of wall material of uniform composition 


J 3 A= Op eReader TA, Bh Me anon meee [4] 
where 
L,, = thickness of wall material, in. 
k,, = thermal conductivity of wall material, Btu/(ft*) (hr) 


(F/in.). (Shown on the inch basis, as commonly 
specified; preferred practice for future is foot basis.) 


As noted, for a given value of hz, there is a corresponding value 
of resistance R,. Hence for a given conductivity of wall mate- 


'_ rial, there is some equivalent thickness L, of wall material that 


would give the same resistance FR, to heat transfer as the fluid 
boundary 
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As is to be noted later, this value gf LZ, is employed in the con- 
struction of the ‘‘Analogger’’ model. Furthermore, in the 
construction of the different electrical arrangements, the electri- 
cal-resistance values are to be considered the counterpart of 
the thermal-resistance values, standing in the same relationship 
to one another for the different circuits. 

Two different experimental electrical-analogy methods have 
been employed in this study. One deals with the “geometrical” 
type employing conductive flat sheet, and provides the Ana- 
logger method, previously reported on fully so that it need not 
be detailed extensively here (1, 2).2 The second method in- 
volves an electrical-resistance network or grid of component re- 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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CONDUCTANCE, h= 5,0 


sistance elements, proportioned so that the assembly represents 
the heat-transfer-structure conditions. The network, as indi- |ff 
cated, is multibranched, and for this a special computational |f 
technique, has been developed, leading to a numerical solution |f 
for the potential values at the different locations within the |f 
network, 

Results have been obtained showing the value of c (reparted in 
per cent) for different points within the corner structure. The 
program of investigations covers four separate series of studies. 
Series I and II represent the Analogger and the network-analogy 
studies, respectively. Herein merely the fluid temperatures, 
i.e. potential values, have been defined and impressed upon the 
system, Series III, however, represents the resistance-network 
results with end-zone potential distribution specified at both ends, 
based upon potential values, i.e., temperatures, that would re- 
sult from one-dimensional flow through the wall sections. Series 
IV represents, for direct comparison, solution by computational |] 
technique of the network under the identical boundary condi- | 
tions of Series III, i.e., including the one-dimensional end-zone || 
values. 

The following summarizes the arrangement of the series for 
comparative results: 


(a) Fluid-boundary values (only) specified: 

Series I Geometrical Analogger. 

Series II Resistance network. 

Fluid-boundary values and end-zone values specified: 
Series III Resistance network. 

Series IV | Computational technique. 


(b) 


Serres I Soiutron py Gromerricat ELecrricaL ANALOGGER 


An Analogger model, geometrically equivalent to the cross sec- | 
tion of the corner in question, was constructed to scale, using 
the higher-conductivity material—that of the outer section (k= 
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4.00) as the reference basis for the construction. The model was 
constructed of electrically conductive flat sheet to present an elec- 
trical-resistance path as the counterpart of the heat-flow path 
represented by the corner cross section, Fig. 1. Across the 
sheet, current could flow from one electrode system to the other, 
representative of the heat flow from the fluid at one temperature 
level to the fluid at the lower temperature level. Under these 
circumstances potentials throughout the sheet representing the 
corner structure could be considered the counterpart of the 
temperatures. 

To have the model represent the less conductive inner layer, 
the electrical properties of the sheet material were modified ap- 
propriately by cutting the sheet into a mesh pattern, in the 
manner described by the author in an earlier paper (1). The ef- 
fect of the boundary conductance at the surfaces, in turn, was 
established by offsetting the electrode system by a distance 
L., in scale, representative of the boundary-conductance effect 
(see Equation [6]). This section of the sheet was slit at regular 
intervals, perpendicular to the electrodes, to prevent lateral 
flow in the “boundary” region. The Analogger setup is illus- 
trated in Fig. 2. 

The experimental results, as values of c (per cent) at different 
points within the corner, are shown in Table 1. The differ- 
ent points indicated in the table correspond to junction positions 
identified in the subsequently shown network system of Fig. 4. 


Serres II Soxuurion sy Euecrricat-ResistancE NETWORK 


Use of the perforated mesh pattern in the Analogger model, 
shown in Fig. 2, obviously suggests the employment here of an 
electrical-resistance network for determination of the potential 
distribution. Asin the Analogger study, from the potential-dis- 
tribution results, equivalent values of temperature may be 
inferred for the heat-transfer circumstances, as provided by 
Equation [2]. 
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Fig. 3 (a) REPRESENTATION OF CORNER By SQUARE 
Exements; (b) or SQUARE ELEMENTS BY RESISTANCE - 
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Fie. 2 EXxprRIMENTAL ARRANGEMENT FOR ANALOGGER 


The corner cross section is thought to be divided into a regular 
pattern of squares, shown in Fig. 3(a), each square being regarded 
as of equal thickness. (If three-dimensional analysis were in 
question, the material of the corner would be thought of as 
divided into cubes.) The effect of each square is then considered 
as concentrated at the center point. In accordance with the 
electrical-resistance concept, the resistance of the square of mate-~ 
rial maybe set up appropriately as indicated in Fig. 3(b). Here 
the resistance in the X-X-direction is shown as 7,, and in the 
Y-Y-direction, as r,, The composite resistance effect is like- 
wise shown, with separate half elements r,/2 and r,/2 represent- 
ing the X and Y-directions respectively, and totaling r, and 
r, for the entire square. 

Based on the material conductivities, k,, = 4 for the outer ma- 
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terial and k,, = 1 for the inner material, air-boundary conduct- 
ances h, = 5 for the inner surface, and h, = 2 for the outer sur- 
face, an equivalent electrical-resistance network was calculated 
and set up. This is shown, with appropriate relative resistance, 
in Fig. 4. Electrical connections, similar to those shown in Fig. 
2 for the Analogger, were used. 

For each square foot of wall surface, thermal resistances for 
the vertical section of the wall are as follows: Outer air boundary, 
Ry = 1/h, = 1/2 = 0.50; for the 2-in. layer of outer structural 
material with k, = 4, R,, = Ly,/ky = 2/4 = 0.50; for the 2-in. 
layer of insulating material with k,, = 1, R, = 2/1 = 2; and for 
the inner air boundary with h, = 5, Re = 1/5 = 0.20. Thus 
the total R = 0.50 + 0.50 + 2.00 + 0.20 = 3.90. Similarly, 
for the horizontal section, the total R = 3.45. On the basis of 
l-in. squares of uniform thickness, the relative resistances of 
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TABLE 1 RESULTS OF COMPARATIVE STUDIES 
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each element of the heat-flow path are 0.50 and 0.20 for the outer 
and inner air boundaries, respectively, and 0.25 and 1.00 for each | 
inch of outer and inner material path, respectively. 
The results for the potential distribution in this Series IT study 
are likewise shown in Table 1, values of ¢ (per cent) being shown | 
for the regularly spaced junction points of the Fig. 4 network. | 
It will be noted that the results are in satisfactory agreement 
with those of Series I, the Analogger study. It will, however, be 
recognized that the Analogger represents the wall material as a 
continuum for a large share of the model, using in effect the 
lumping technique, via meshing, for only a relatively small part. 
The network study of course employs the lumping technique © 
throughout the entire simulation setup. It is believed that the 
small discrepancies which appear between the results of Series I | 
and II may in part be attributed to this factor. 
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Fie. 4 Eaquivatent Evecrricat-Resistance Network ror CoRNER 2 


Both Series I and Series II results are based on specification of 
fluid-boundary potentials only, and as such are directly com- 
parable. 


Serres IIT Sonurion py Network With ENb-ZONE VALUES 
SPECIFIED 


It will be noted that for both of the previous experimental 
studies, the potential values at the end-zone junction points were 
undefined, and as such they were free to vary in an unrestrained 
manner. The fluid “temperatures” were at 100 and 0, respec- 
tively, for the inner and outer locations, by virtue of impressed 
electrode potential difference. The values in the end-zone loca- 
tions were free to establish themselves, presumably in accordance 
with what coutd be expected with one-dimensional flow, or as 
indicated through Fig. 6. Study of the end-zone results in Table 
1 reveals that the one-dimensional values were not achieved. This 
may be observed by inspection of the results in row a, representing 
the vertical end zone, and of column 11, for the horizontal end zone. 

In Series ITI, therefore, for comparative purposes, the poten- 
tial values at the end-zone junctions were adjusted to correspond 
with the values given in Fig. 6. The results shown in Table 1 
indicate that under these ‘circumstances there are marked devi- 
ations from the values of the*previous comparable set, namely, 
the values for the Series I and II studies. 


Serres IV. Soxurion By COMPUTATIONAL TECHNIQUE, END- 
ZONE VALUES SPECIFIED 


The numerical solution of the Fig. 4 resistance network, with- 


out recourse to the experimental electrical determination, is 
of specific interest, particularly in view of the many network 
branches which are involved. The values for the different in- 
ternal junctions are thus to be determined as for an electric-cir- 
cuit analysis. 

A method for the solution of this type of network has been re- 
ported previously by the author (3) and is described here in fur- 
ther detail, it being particularly noted that it requires no experi- 
mental setup. ; 

At any junction point, under steady-state electrical-flow con- 
ditions, the sum of the currents flowing in must be zero, i.e. there 
can be no accumulation. Accordingly, considering Fig. 5(a), the 
point O is surrounded by points M, N, P, and Q. The resistance 
of the four corresponding branches are ry, ry, Tp, and 7g. Their 
relative values may be designated by m, n, p, and q. 

The currents in the four different branches, as dependent upon 
the difference in potential e between the outlying points and the 
center junction, are next to be considered. The following rela- 
tionship may be set up a 


iis (€p — 0) fe 


Tp 


(eg — &0) 
TQ : 


(én — €o) 


Ty 


(eu — @o) 


'M 


= 0. 


[7] 


Thus to satisfy steady-state conditions 


“_ CO/rweu + (1/ry)ey + C/rp)ep + (1/re)eg 


[8 
"e 1/ry + 1/ry + 1/rp + 1/r9 3] 
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Similarly, using values of relative resistances 


(€u — 0) ue (ey — @o) aR (ep — 0) pe (eq. — €0) = ero! 
m n Pp q 


To satisfy steady-state conditions 


_ (/meu + (1/n)ey + (1/p)ep + A/Qee [10] 
Cok 1/m + 1/n + 1/p + 1/q tl 


The reciprocal values of the relative resistances are of course 
the relative conductances. In Fig. 5(b) the counterpart of the 
resistance diagram of Fig. 5(a) is shown, in terms of relative con- 
ductances. 

Starting out with initially assumed values for all of the junc- 
tions in the conductance network, by carrying out the operation 
of Equation [10] systematically for the different points in suc- 
cession, it is possible, after repeated calculation tours, to arrive 
at final values for the different junction points in the network. 
These junction points, it will be recalled, represent the center 
points of the original squares shown in Fig. 3(a). The procedure 
of evaluation may be termed a process of arithmetical iteration, 
with its own sphere of usefulness in network evaluation. 

For simplification of the routine computation, since numerous 
equations have to be solved successively for each junction, ob- 
viously it is desirable first to compute constant coefficients for 
each potential point. These follow from the division of the indi- 
vidual branch conductances by the sum of the four branch con- 
ductances surrounding any one junction. Thus setting 


1/m+1/n+1/p+1/q=s8 
Equation [10] then becomes 
eo = (1/ms)ey + (1/ns)ey + (1/ps)ep + (1/gs)eg.. .[11] 


On the basis of the one-dimensional end-zone values cited 
under Series III, boundary values of 100 and 0, and estimated 
values for the remaining junctions, the network was calculated 
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(a) 


(b) 


Fic. 5 Network ReEsIsTANCE AND CONDUCTANCE ELEMENTS 


(a, Network resistance elements for a single junction. 
ductance elements for a single junction.) 
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by the foregoing process of arithmetical iteration. Fig. 7 shows 
a simplified conductance network as the counterpart of the re- 
sistance network in Fig. 4. Corresponding reciprocal values for 
the relative resistances are indicated for each branch; these are 
conductance values. At each junction the initial estimated 
value is shown, then the first computed value, and then last, the 
subsequent value after several systematic and rotative compu- 
tations. Computations were started at the corner diagonal, 
and were contitlued outward, first horizontally, and then ver- 
tically. The same sequence was followed on each computing tour. 
The calculating procedure involves a routine sequence for op- 
erating on each junction on repeated tours, using the previously 
calculated value at each point on successive tours of the circuit. 
Computations may be systematized to be carried out expedi- 
tiously in routine by slide rule, by calculating machine, or by auto- 
matic-sequence computing machines of mechanical or electrical 
form. It should not, however, be assumed that the iteration 
technique offers a procedure that may be carried out to an ac- 
ceptable solution rapidly. However, it does offer an approximate 
solution fairly readily, of practical use in the absence of the more 
direct electrical experimental methods. 
Obviously, the accuracy of this method is dependent upon the 
number of elements in the lumping arrangement, and on the ex- 
tent of the repetitive computational tours. The method, how- 
ever, points the way toward calculating-machthe operations on 
Py 


complex problems of the flow type; it may be pointed out that 
there are other fields which may be so studied. Included here are 
problems of diffusion which directly parallel those of heat trans- 
fer, as well as others in the general field of applied mechanics and 
electromechanics. This of course emphasizes the fact that prob- 
lems of these types are essentially of the same mathematical 
background, and hence susceptible to the same treatment. 
Herein is involved the study of potential distribution for various 
types of circuits—thermal, electrical, diffusional, ete. 

Although not identified as an electrical-analogy procedure, 
particularly to be mentioned here is the heat-flow adaptation of 
the Southwell relaxation method, originally reported by Emmons 
in 1948. This was a specialized numerical procedure applied to a 
single-component case with isothermal boundaries (4). There 
are also numerous studies in other fields of applied mechanics deal- 
ing with the numerical type of approach, and some of these 
should be mentioned briefly as of particular interest and dealing 
with the solution of Laplace’s equation. Among these are the 
work of Shortley and Weller (5), and that of Frocht and Leven 
(6), the former a general mathematical treatment for the numeri- 
cal solution of equations, and the latter a special study in the 
field of stress analysis. 

The results of the Series IV computational method are also 
shown in Table 1, and represent the counterpart of the results 
obtained in Series III, namely, with end-zone values estab- 


Fic. 7 Conpucrancn-NEetwork CouNTERPART OF RESISTANCE Network SHown IN Fic. 4 WitH 
Successive SOLUTIONS 
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lished through the one-dimensional flow of Fig. 6. Here again it 
is to be noted that the agreement in the comparative figures of 
Series III and Series IV is more than reasonably satisfactory. 


CONCLUSION 


From the data of Series IV, isopotential lines have been 
sketched in on the corner cross section and are shown in Fig. 8. 
Discontinuity at the joint between the two layers of material is 
of course evident, as is also the irregular pattern of the lines. 
Based upon Equation [2], translation into temperature values 
is readily feasible, and likewise, heat-transfer calculations may 
be made from their values. , 

It is evident from the study of the data that the extent of the 
wall section chosen on each side of the corner has not been suffi- 
cient for the achievement of one-dimensional flow in the end 
zones. Thus when the end-zone potentials were not set, as in 


Alay 


C = 200% 


C=100% 
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Series I and II, their values did not of themselves agree with thos; 
of one-dimensional flow, indicating that the area affected by 
corner may be extensive. 

It is of course obvious that if an adjustable network board if 
already available, upon which to set up problems, satisfactory, 
answers may be obtained readily. The work of the computa) 
tional method increases greatly with increase in the number oF | 
points studied. Thus if a relatively coarse network is acceptable} 


great. For accuracy, the Analogger gives an excellent account of 
itself and has the advantage in providing isopotential-pattern 
detail not readily available by other methods. However, it does 
require the construction of a special model for each type of pro 
gram, construction which must be carried through rather care-| 
fully. : 
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_ Test Results of High-Performance Heat- 
_ Exchanger Surfaces Used in Aircraft 
Intercoolers and Their Significance for 
Gas-Turbine Regenerator Design 


By A. L. LONDON! anp C. K. FERGUSON? 


This paper presents basic heat-transfer and flow-friction 

esign data for a plate louvered-fin type of extended sur- 
ice which may be of use in the gas-turbine-plant regenera- 
or application. Different surfaces are compared on the 
asis of a heat-transfer coefficient versus friction-horse- 
ower plot, and some of the heat-transfer and flow-fric- 
ion aspects of regenerator design»are discussed. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = heat transfer and/or friction area, sq ft 
A, = free flow cross-section area, sq ft 
a = heat-transfer area (one side) to volume ratio for a par- 
ticular heat exchange surface, ft?/ft? 
€, = air unit heat capacity, Btu/(Ib deg F) 
E = flow-friction horsepower per unit of area A, hp/ft? 
rep = H for a fluid having the specified ‘‘reference properties,” 
hp/sq ft 
f = friction factor defined by Equation [8], dimensionless 
iso = friction factor evaluated from isothermal flow data 
G = gas mass velocity, lb/(hr-ft? of flow cross section) 


h = thermal convection heat transfer “film” coefficient, 
Btu/(hr deg F ft? of A) 

rep = A for a fluid having the specified ‘reference properties,”’ 
Btu/(hr deg F ft? of A) 


K 


c 


« = flow-contraction and expansion coefficients, respec- 


tively, dimensionless 

k = gas unit thermal conductivity, Btu/(hr ft? deg F'/ft) 

1 = flat plate over-all flow length from leading to trailing edge 

(corresponding to fin louver spacing), ft 

= gas static pressure, #/ft? 

= gas static pressure drop, #/ft? 

= flow tube hydraulic radius, ft 

= absolute temperature, deg R 

= velocity vector for flow over a flat plate, see Fig. 9 

uo = undisturbed stream velocity vector for flow over a flat 
plate, see Fig. 9 

» = gas specific volume, ft3/Ib 

V = bulk average flow stream velocity, fps 

az = flow distance over a flat plate measured from the leading 
edge, ft 
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mM = gas viscosity, lb/hr ft 

p = gas density, lb/ft? 

a = flow area contraction and expansion ratio, A,/frontal area 
Tw» = Wall friction stress, #/ft? 


Dimensionless Groupings: 


Prandtl number, uc,/k, a fluid-properties modulus 
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evaluated for arithmetic-mean bulk air-flow tempera- 
Oeee ture 
R = Reynolds numbey, 4ryG/u, based on hydraulic diameter _ 


4r,, and » at bulk mean flow temperature 
R, = R with viscosity » at an average film temperature 


R, = Reynolds number zG/y, based on flow distance x, from 
leading edge of flat plate, with » at bulk mean tem- 
perature 

R, = Reynolds number, /G/u, based on flow distance 1, from 
leading to trailing edge of flat plate 

Ng, = Stanton number h/(Gc,), a heat-transfer modulus 

Subscripts: 


1 denotes upstream from core 

2 denotes downstream from core 

avg denotes ‘‘average”’ conditions 

iso denotes isothermal conditions 

f denotes gas-film conditions 

ref denotes evaluation at reference fluid-properties condition 


Miscellaneous: 
# denotes pounds force in distinction to 
Ib denoting pounds mass 


= denotes approximate equivalence 


INTRODUCTION 


During the present pioneering development of the gas-turbine 
prime-mover system comparatively little attention has been given 
to the development of lightweight compact heat-exchanger com- 
ponents, primarily the regenerator. 

For a high-efficiency plant with good fuel economy over a wide 
load range, it is necessary to use a regenerator of high effective- 

eness and, consequently, of large specific surface area, of the 
magnitude of 3to4 sqft pershp. This is several times the trans- 
fer-area requirement of the boiler plus condenser of a steam power 
plant. It is therefore evident that for a compact gas-tur- 
bine plant, incorporating a high-effectiveness regenerator, it will be 
necessary to use types of exchanger surfaces having a substan- 
tially larger area-to-volume ratio than conventionally used boiler 
and condenser tube banks. This requirement directs attention 
to the use of either very small circular tubes, !/, in. diam or 
smaller, or extended surfaces. In the latter case, extended sur- 
face on both air and gas sides probably will be desirable in that 
heat-transfer resistances on both sides are of comparable magni- 


tudes. 
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Of possible use in the regenerator application are some of the 
extended surfaces developed for aircraft intercoolers. However, 
in order to evaluate the possibilities of these and other develop- 
mental types of “‘high-rating” surfaces, it is necessary that basic 
heat-transfer and flow-friction design data be obtained and that 
these data be of accuracy comparable to that available in the 
literature for flow normal to circular tube bundles and for flow 
inside tubes. The lack of these data has tended to channel the cur- 
rent regenerator developments toward the use of the shell-and- 
tube type of surface. 

The U. S. Navy Bureau of Ships started a program. aimed at 
this objective in 1945. The Office of Naval Research in con- 
junction with the Bureaus of Ships and Aeronautics is furthering 
this work on research contracts. The basic design data sum- 
marized in this paper were earlier reported in reference (1)* and 
represent the first results of this program. An additional ob- 
jective of this paper is to consider some of the heat-transfer and 
flow-friction aspects of regenerator design. 


DeEscRIPTION OF APPARATUS AND TESTS 


A detailed description and discussion of the test equipment are 
contained in reference (1); consequently, only a brief description 
‘will be given in this paper. : 

The test system was arranged to provide for heat transfer from 
steam condensing within the heat-exchanger core to an air-flow 
stream passing through the core. It consisted of the following 
essentials: 

1 Controllable air-flow duct with a test section of 83/3 & 93/4 
in. cross section designed to accommodate heat-exchanger cores 


of standard dimensions. Such a core is shown in Fig. 1. 
e 
’ Numbers in parentheses refer to the Bibliography at the end 


of the paper. : 
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2 Steam-heating system for the exchanger core with pro 
for removing “fixed gases” from the steam side of the heat-t 
fer surfaces. A large amount of “blow” steam, from 3 to 20 t 
the condensate rate, was passed through the core to mini 
condensate flooding of the heat-exchanger surface. 

3 Test instrumentation for the measurement of air-flow 
upstream and downstream air static pressures, temperature } 
velocity distributions, steam-inlet state, blow-steam rate, 
exit-condensate rate and state. . 

The seven surfaces tested and their geometry are describe} 
Fig. 2. The plate-fin type of surface incorporated in these 
cores has had extensive use in aircraft-engine intercoolers. 
application is somewhat related to that of the regenerato 
requirements in common are gas-to-gas transfer, low weight, 
compactness, and low friction power. 

The surfaces are formed completely from sheet metal 0. 
in. thick for the plates and 0.006 in. thick for the fin mateng 
Excellent thermal and mechanical joints for the fin and p 
junctions are insured by the furnace-brazing method of fabr 
tion. While all surfaces tested were of aluminum constructi 

‘ the use of high-temperature materials for the gas-turbine-regen 
ator application can be visualized. 

All of the seven test surfaces of identical plate spacing (0 
in.) and fin spacing (11.1 fins per in.) had a varying louver spac 
on the air side ranging from */;, to !/2 in. ahd one “plain-fin 
face. All cores had a plain-fin surface on the steam side. 

The test data allowed the following calculations: 


1 An energy-balance comparison of energy gain by the ¢ 
stream to energy loss by the condensed steam and blow stea 
The discrepancy in this comparison averaged less than 3 per ce} 
for all the cores tested. 

2 Evaluation of the average unit conductance for thermal co 
vection on the air side. This calculation assumed a relative 
negligible steam-side resistance. Straight fin theory was use 
for the prediction of the temperature effectiveness of the extend: 
surface (8). For the aluminum cores used, the temperature e 
fectiveness of the air-side extended surface was generally in e: 
cess of 95 per cent. 

3 Evaluation of flow friction factors for essentially isotherm: 
flow conditions (cold-core runs). 

4 Evaluation of flow friction factors for flow through tk 
core with air heating (hot-core runs). 

5 Evaluation of the air-flow Reynolds number based on tk 
hydraulic radius of the flow cross-section space between the fin 
Two Reynolds numbers were evaluated: one for a bulk averag 
temperature (arithmetic mean of inlet and outlet-air bulk ten 

*peratures), R, and the other for a mean film temperature (ave 
age of bulk average and wall temperature) R,. 


The R range for these tests was from 400 to 10,000, corresponc 
ing to mass velocities G of about 2000 to 40,000 Ib/(hr ft? free 
flow cross section). 


Summary or Test Resuurs 


The test data and calculated results are tabulated in referenc 
(1). Basic heat-transfer and flow-friction design data applicab 
to the surfaces tested are summarized in Figs. 4 and 3 in dimen 
sionless form as 

N3.N p,?2/? versus R 
fiso versus R 
The points for these faired curves, Table 15 of reference (1), a1 


given here in Table 1, 


Fig. 5 is included to demonstrate the essential consistency < 
the experimental data. The data points for both fis. and Ng 
N p,*/8 versus R are plotted relative to the faired curves. 
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CORE CG 
1/4" LOUVER SPACING 
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CORE J 
1/4" LOUVER SPACING 
.055" GAP 


PLATE AND FIN DIMENSIONS 
PLATE “FACE SEPARATION" = 0.250 IN. 
etl.l FINS/INCH 
PLATE METAL THICKNESS «0.012 IN. 
FIN METAL THICKNESS 
FIN MATERIAL — ALUMINUM 
OF THERMAL CONDUCTIVITY 
K=O BTUAHRFT?°F/FT.) 
LOUVER DIMENSIONS ARE AS 
SHOWN IN THE FOLLOWING SKETCHES 


= OOGOIN. 


-O5 B" Gap 


AIR SIDE 


. FRONTAL AREA 20567 FT? 


FREE FLOW AREA’  -=0.229 FT? 
FREE FLOW:FRONTAL AREA 0+0404 
PLATE AREA(DIRECT SURFACE’)=9.89 FT? 
FIN AREA(‘INDIRECT SURFACE’):2678FT2 
TOTAL AREA, A =36.67FT? 
DIRECT:TOTAL SURFACE  =0.270 


HYDRAULIC DIA. OF FLOW 
41, = 0.01012 FT. 


AIR FLOW LENGTH = 4.875 IN. 


.012" 
PLATE 
THICKNESS 


CORE B 
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STEAM SIDE 
FRONTAL AREA = 0.339FT* 
FREE FLOW AREA=O133FT* 
PLATE AREA -892FT? 
FIN AREA =25.08FT* 
TOTAL AREA = 34.0FT? 


HYDRAULIC DIA. OF FLOW 
PASSAGES 41, = O.OIOI2FT. 


3/16" LOUVER SPACING 


055" GAP 


CORE D 


1/4" LOUVER SPACING 


.055" GAP 


1/2" LOUVER SPACING 
055° GAP 


Fic. 2 DEscRIPTION OF Corrs TESTED 


JANUARY, 


ASME 


= 
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FOR 
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| 
INSIDE ROUND 


REYNOLDS NUMBER x I0-° 


IG. 38 Friction Factor, fis, VERSUS REyNoLps Numser, R, ror 


SEVEN SurRFAcES TESTED 


fydraulic diameter 0.01012 ft, plate spacing 0.250 in., 11.1 fins 
i Refer to Fig. 2 for geometrical details of surfaces.) 


f 


| 
"| ISOTHE 
FRICTIO 


FRICTION FACTOR 


(h/Gc,)(cu/k)2/3 


EYNOLDS 


NUMBER 
Peg a 


10.8) 1.0 


1i¢.5 Heat-Transrer Factor, NsiNp;?/?, anD FRIcTION Factor, 
., VERSUS Reynotps Number, R, ror Surracr C SHowine Devi- 


ATION OF Data Pornts From MEAN CURVE 


Pressure-drop data taken in conjunction with the heat- 
‘ansfer runs, according to the previous calculation of 
ference (1), yielded an f versus R characteristic which 
11 3 to 6 per cent higher than the isothermal f results. 
he greatest difference existed for low R. This discrepancy 
sulted from a poor idealization for average air density (or 
yecific volume) with respect to flow length, namely, an 
rithmetic-average density. New calculations using a loga- 
thmic-average specific volume yielded hot-core friction 
.ctors in substantial agreement with the f for the isother- 
al runs, providing a correlation with R, is employed. 
his is demonstrated in Fig. 6 for surface G. Here the 
ot-core friction factors versus Ry are compared to the iso- 
ermal curve from Fig. 3. Reasons for employing the loga- 
thmic average specific volume are given in the Appendix. 

Fig. 7 is presented for the purpose of comparing the 
eat-transfer versus friction-power characteristics of the dif- 
rent surfaces. The dimensionless correlations of Ng,N p,”/3 
nd f versus R are rearranged after the method of Colburn 
3) to yield a dimensional plot cf heat-transfer coefficient 
ef, versus flow-friction horsepower per square foot of trans- 
r surface, Hye. These coefficients are plotted for the ref- 
‘ence gas state (corresponding to air at 500 F), described 
. the caption of Fig. 7. To predict h and E for operation 
ith any fluid at other than reference properties, the follow- 
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ing equations derived in reference (1) may be employed 
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NUMBER x 


TUBES | 
10x 
20 3.040 


60 


Fic. 4 Heat-Transrer Factor, Ng:Np;?/3, Versus ReyNoLps 
Noumser, R, ror Seven Surraces TESTED 


(Hydraulic diameter 0.01012 ft, plate spacing 0.250 in., 11.1 fins per in. 
Refer to Fig. 2 for details of geometry of surfaces.) 
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2,0 


¢ REYNOLDS NUMBER x IO” 


3.0 4.0 


| 60 


Fic..6 Friction Factors ror Surrace C SHowrne Data Points 
_For Hot-Corp Runs Comparep To Mpan Curve For IsoTHERMAL 
Friction Factors 
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Fic. 7 Heat-TRANSFER COEFFICIENT VERSUS FRicTtION-HoRSE- 
POWER REQUIREMENT AT REFERENCE CONDITIONS FOR SURFACES 
A, B, C, E, anp G 
(Reference conditions are pref = 0.0413 lb/ft?, wrep = 0.0678 lb/hr ft, cprep = 


0.2477 Btu/(lb deg F), NPr ret = 0.671, corresponding to air at 500 F and 
Surfacé D and surface J characteristics are omitted 


atmospheric pressure. 


for clarity. The D characteristic is close to that of the C surface, and the J 
characteristic is close to that of the G surface. 
nitudes on this plot are approximate only.) 


Reynolds 


number mag- 
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Probable accuracies of the basic data are as follows: 


+1.5 per cent 


R, R, 


{ +6 per cent for high R 


Fiso core A | +8 per cent for low R 


+4 per cent for high R 


Jiso other cores { +2 per cent for low R 


Ng = (h/Ge,) accurate to 5 per cent with a tendency to be 
smaller than actual 
Np, = (u ¢,/k) +5 per cent 


Thermal properties for air were taken from reference (9). 

The principal error in f arises from uncertainty of the actual 
exit and entrance (flow expansion and contraction) loss coeffi- » 
cients used to extract the friction factor from core over-all pres- - 
sure-drop measurements (see Appendix). There is some pos- 
sibility that exit and entrance coefficients for ‘multiple tubes 
in parallel” differ significantly from the conventionally used 
“single” contraction and expansion coefficients available in the 
literature. : 

The major error in the Ng, determination evolves from the 
assumption of a negligible steam-side resistance. Therefore the 
presented NV g, magnitudes tend to be lower than actual. 

Uncertainty in N p, is mainly the result of lack of accurate data 
for air thermal conductivity (9). 


Discussion oF Test RESULTS 


Reference to Fig. 2 will indicate the complexity of the flow 
path of the air over and between the louvered-fin surfaces. The 
flow boundary layer is periodically interrupted by the cutout 
louvers on the fins. The curvature of the fins results in flow ac- 
celerations with tendencies toward boundary-layer separation 
and eddy formations. Wake effects at the trailing edges and flow 
impingement on the leading edges result in additional turbulence. 
In the region of contact between the fins and the plate the flow 
geometry is even more complicated due to the presence of the 
plate wall and the junction of louver and fin. 

As a result of these influences, with the exception of the A sur- 
face, the flow is probably characterized by a very high degree of 
turbulence especially after the first inch or so of the 4.875-in. flow 
length. In spite of this, however, it is evident from Fig. 4 that 
there is a tendency toward a viscous-flow characteristic for R < 
1000, as revealed by the change of slope and the inflection point 
of the Ng, NV p,?/8 versus R plot in the region 1000 < R < 3000 for 
all seven surfaces tested. Note that this transition is more 
marked for the less louvered surfaces. 

The theory of boundary-layer formation in flow over a flat 
plate yields useful qualitative results, Fig. 8. In this considera- 
tion, however, it is necessary to make a clear distinction between 
the laminar sublayer and the Prandtl boundary layer (the “r 
gion of influence” of the plate on the main stream flow). The 
Prandtl boundary layer may be defined arbitrarily as the region 
contained within the u/uo = 0.99 velocity contour as indicated in 
Fig. 8. In contrast, the laminar sublayer will be defined by the 
u/uo = 0.7 velocity contour. The laminar sublayer is a few 
* thousandths of an inch thick in average dimensions. It is in this 
layer that the major resistance to heat transfer resides, Conse- 
quently, by reducing its average thickness the heat-transfer con- 
ductance for thermal convection A can be increased. The func- 
tion of the louvers is to provide this effect by periodic inter- 
ruption and resultant new formation of the laminar sublayer. 
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Accompanying this increase in h will be a corresponding increii}} 
in the velocity ete at the wall and the attendant | | 
crease in “skin friction.” A further increase in over-all flow fig} 
tion, characterized by the coefficient f, results from impingemé : 
on the leading edges of the louvers, wake formation at the traf}|_ 
ing edges, and flow curvature imposed by the fin shape. Th 


Uo 
PRANDTL BOUNDARY LAYER T7098 
a iS. oO 
ae Galle pee EDDYING 
ae = 0.999 <a, 25D D 
ears. a> D 
5 gee Bes 
_— =—\ TRANSITION BAe 
Sa 3 2 
CTAMINAR \G,t 0775 12/4," 07 By 
LAMINAR SUBLAYE 


Fic. 8 Scuematic REPRESENTATION OF FORMATION OF ‘“‘PRAND1 | 
BovNpary Laypr’—LamiInarR AND Eppy TypEs—anp “LAMINAg] 
SuBLAYER”’ FoR Ftow Over A Fiat PLATE 


extraneous friction components may be at least partially effectiv 
in increasing the heat-transfer coefficient since they tend to prc 
mote a decreased laminar sublayer thickness. 

Rouse (3) gives the following expressions for average ski 
friction factor (or drag coefficient) for the idealized flow over 
smooth flat plate as shown in Fig. 8 


1.328/(R,)'* .... 8.18 


f = 1.828/(2G/p)*” 


f = 0.074/(2G/u)!/* = 0.074/(R,)*.... 


Equation [3] applies to the classical Blasius solution, which is} 
based on the idealization of purely viscous flow extending fron} 
the plate surface into the main flow stream (2, 3). Equatio 
[4] is based upon the empiricism that wall shear varies inversel 
as the Prandtl boundary-layer thickness raised to an exponenti) 
n = 1/4, (3). Itis to be noted that f is an average friction factor}f 
for the flow length x measured from the leading-edge position. i 
For the purpose of this discussion, Equation [3] may be considered 
as representative of conditions for R, <5 X 105 when a low de- |} 
gree of turbulence exists in the approach flow; whereas Equa- |} 
tion [4] represents conditions for R, > 106 for “low turbu=-+} 
lence” approach flow, or for all values of R, when a “high tur- |} 
bulence”’ approach flow exists (2). 

If, for. the flat plate system with air flow, it is postulated that |} 
the temperature and velocity distributions in the boundary } 
layer are identical, it may be shown that 


es 
NgN Pr = 


Then Equations [3] and [4] may be used to evaluate f/2 
NN p, versus R,. This relation is plotted in Fig. 9. The more 
refined analogies between heat transfer and flow friction will give 
sensibly the same result, since N p, for air is close to unity. 

Also plotted, Fig. 9, are the experimental values of f/2 and | 
NsiN p, versus Ri for cores C, G, and A. Data for the other 
cores are omitted to avoid confusion. In this Reynolds number 
the length dimension 1, ranging from 1/; in. for core C to 2.44 | 
in. for core A, is taken as the spacing of the louvers on the fins. _ 
While the A cuniiee is listed as a plain-fin stirface, the fins were 
fabricated from two corrugated plates 2.44 in. wide; conse- — 
quently, since perfect matching of the junction did not exist, a 
set of “louvers” or “boundary-layer interrupters” existed 2.44 
in. from the entering section. 

The comparison revealed by Fig. 9 indicates remarkably close 
agreement, within 40 per cent for all surfaces tested, between the 
flat-plate friction data, extrapolated in pisdordanee with Equa- 
tion [5] to yield N,N p,, and the test heat-transfer data. How- 
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jonas [I ry 
yy —— Coon i Ch al by the formed louvers of surfaces B to J. As a result of 
Mh | : in +t this “more ideal” flow geometry it is expected that the 
wht a = 14411 oa Norris and Spofford results should yield about the same 
ni, Ss “ed er il heat-transfer characteristic, Ns,N p, versus R,, with a some- 
it what lower friction characteristic. On a plot such as Fig. 9 
Woe this conclusion is confirmed as the data for their surface No. 
° = 10 (U = 1/gin. and 1/; in. fin spacing) agrees substantially with 
. 50% the surface C heat-transfer characteristic; and with respect 
a = eh | to friction falls some 20 to 30 per cent below that for the C 
ee = surface. 
“a oF i Conclusions which can be drawn from the foregoing com- 
005.2 — SLOPE « -02 si parisons are as follows: 
— EF; — (EQ. 4) | CORE A 1 Confirming the conclusion of Norris and Spofford (5), 
| — flat-plate data can be used to predict the heat-transfer char- 
4a | NN ob. acteristic for plate-fin surfaces within 30 per cent provid- 
uh : ; y DS NO. Ry CBee ing the type of Prandtl boundary layer can be specified. 
Hi 10 5x10 10 5xl0 10° 2 Since the friction characteristic for the plate-fin 
surface depends markedly upon the parasitic shock and 
Fic. 9 Heat-TRANSFER AND FRicTION CHARACTERISTICS FOR 


' Surracss A, C, anp G, Comparep To Frat-PLATE CHARACTERISTICS 
tht 


DerivepD From Drac Measurements, Equations [3], [4], [5] 


Oi 


aver, it 1s also evident that R: does not specify properly the transi- 


‘tion-from the Prandtl-laminar to the Prandtl- eddy or turbulent 
“boundary layer as exemplified by Equations [3] and [4] 


, and 
shown schematically in Fig. 8. Fig. 9 indicates a flow transition 
for the A surface (plain fins) for R; at about 2 X 104 to 5 X 104 


‘and at about one tenth of this magnitude for the C surface (2/- 


Jin. louvers). 


Reference to Fig. 4 reveals that these transitions 


‘for all surfaces occur in the range of R = 4r;, G/u of 1000 to 3000. 


! 


}f/2 to flat plate f/2 is of the order of 2 to 3 to 1. 


This better correlation for the flow-transition range indicates 


that the latter Reynolds number, R, is more descriptive of the 
average character of the boundary-layer flow than R, = /G/z. 


However, this must be considered as a tentative conclusion in 
jview of the fact that surfaces tested were of only one hydraulic 
radius magnitude and that test viscosity was fairly constant. 


Considering the comparison of friction factors, the ratio of test 
The same order 
of magnitude exists for the comparison of test f/2 to test N,N p,. 
This difference may be construed as indicating that some 50 to 


{70 per cent of the friction effect is not “useful” in producing a 


thin laminar sublayer. 
(0.006 in.) is somewhat greater than that of the laminar sublayer, 


Since the thickness of the plate material 


, the “loss” or “nonuseful’’ friction may originate in leading and 
|. trailing-edge eddy generation and shock effects, as well as the 


effective flow restriction introduced by the wall-fin and fin-louver 
junctions. 
Information on the heat transfer from flat plates is reviewed 


by Jakob and Dow and compared to their test results (4). The 

data for the case of ‘“‘no starting section” can be expressed 
N,N p, = 0.590 R,~°-® | 6] 
oN O28 IRAE I a eh 


| 
: 
: 


or the Prandtl-laminar and: Prandtl-eddy layer types of flow, 
respectively. These results are 13 and 32 per cent lower, respec- 


tively, than given by Equations [3], [4], [5] and are in substantial 


agreement with the heat-transfer data for surfaces A to J when 


‘sisted of a single pair of plates with fins normal to the plate sur-. 


plotted as in Fig. 9. 

Norris and Spofford (5) report both flow-friction and heat- 
transfer data for interrupted plate-fin surfaces of the same general 
geometry as the surfaces reported here. Their test sample con- 


faces providing a relatively “clean” rectangular flow-tube cross 
section. Further, this construction provided a “boundary-layer 
interrupter” extending the full plate spacing in contrast to the 
approximatelv 70 or 80 per cent utilization of the plate spacing 


eddy-formation losses, in addition to the purely skin-fric- 

tion effects associated with the laminar sublayer, the f ver- 

sus R characteristic falls substantially higher than that for 

flat-plate flow, and depends upon the details of construction 
of the surface. Aerodynamically ‘cleaner’ design may result 
, 12 a substantial reduction of flow friction. 


APPLICATIONS TO REGENERATOR DEsIGn 


The primary considerations influencing the design of a regen- 
erator may be summarized as follows: 


Manufacturing limitations. 

Cost limitations. 

Maintenance and cleaning requirements. 
Mechanical design problems. 

Weight, space, and shape limitations. 
Limitations on flow-friction power expenditure. 
Desired exchanger heat-transfer effectiveness. 


NOE WD 


Because of space restrictions the following brief discussion will 
be limited to the heat-transfer and flow-friction aspects as they 
relate to items 5, 6, and 7. 

The usual design procedure consists of a “‘cut-and-try”’ method 
of successive approximations requiring as a preliminary step the 
specification of the type of surface to be used. The resulting 
design will not be unique but will depend on the designer’s judg- 
ment in relation to permissible compromises and “optimum de- 
sign”’ criteria with respect to allowable shape of the heat-transfer 
core, distribution of total friction-power expenditure—gas and 
air sides—and performance at part load. 

Critical judgment is required in the selection of the type of 
surface to be used and the proportioning of flow areas. In this 
respect, graphical representation of the heat-transfer coefficient 
versus the friction-power requirement characteristic is useful for 
comparing different types of surfaces and for estimating approxi- 
mate surface-area requirements versus flow-friction expenditure. 

Considering the comparison revealed in Fig. 7, it is evident that 
for the same area requirement (as defined by the h magnitude) 
the C surface (+/,-in. louvers) will require only one fifth of the 
friction-power expenditure of the A surface (plain fins). For 
the same friction expenditure the C surface-area requirement will 
be only 60 per cent of the A surface-area requirement. The con- 
clusion is that the C surface will result in the smallest volume 
and lightest regenerator. However, a caution to be observed i in 
this respect is that volume requirement is only one aspect of the 
“compactness of the regenerator,” and that the shape of the final 
design is exceedingly important. As a consequence, the surface 
resulting in the smallest heat-exchanger-surface volume may not 
result in the best regenerator for a particular machinery arrange- 
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ment. It may be that the final regenerator design will incorpo- 
i a . f. . . 
rate two types of surfaces, as, for instance, surface Cfor the air 


side and surface A for the gas side with possibly different fin 


and plate spacings. ; 
Fig. 10 employs the hyer versus Lye plane to compare surface 


C (4/,-in. louvers) with the following: 


1 Turbulent flow inside round tubes of 1/, in. diam. 


2 Flat plates, 1/; in. long, with sharp leading edges (corre- 


sponding to C surface louver spacing), for two conditions: 


TRANSACTIONS OF THE ASME 


it ig well to emphasize again that the volume of the heat-trans 
surfaces, as characterized by the heat transfer-friction charactifl| 
istic, is only one consideration and that the shape ofthe exchang@ , 
core is also of primary importance. | 


10 and from Equations [1] and [2] relating h,.¢ and Eye to h ar 
Eat other than reference properties. Since reference properti 
are taken as corresponding to air at 590 F and 1 atm pressure, /# 
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Fia. 10 Comparison ror DirFERENT SURFACES OF Heat-TRANSFER 


CoxEFFICIENT VERSUS FRiIcTION-HORSEPOWER CHARACTERISTIC 
(See Fig. 7 caption for reference conditions. Represented are surface 


C, 


flow inside 1/s-in, tubes, flow along a flat plate 1/4 in. long with a sharp 
leading edge, flow normal to a cylinder bank, 0.04-in-diam cylinders, in-line 


arrangement, with 2D transverse pitch and 1,5D longitudinal pitch.) 


(a) Prandtl-laminar boundary layer formed at the leading 


edge and existing over the 1/,-in. flow length, Equations [8], [5]. 


(b) Prandtl-eddy type or turbulent boundary layer formed 
at the leading edge and existing over the flow length, Equations 
(Note that a laminar sublayer exists adjacent to the 


[4], [5]. 
plate, Fig. 8.) 
3 Turbulent flow normal to a bank of in-line cylinders, D = 


0.04 in., with a 2D transverse pitch and a 1.5D longitudinal pitch 


using the Grimison correlation (7). 


This last surface might be considered as a plate pin-fin surface 
of the type tested by Norris and Spofford (5), although the 
Grimison correlation (7), considerably extrapolated, was em- 


ployed in preference to the data of (5). . 


The following points may be noted from this comparison: 


1 Flow inside of tubes has a poor heat transfer-friction power 


characteristic. 


- 2 The flat-plate flow with a laminar-type Prandtl boundary 
layer has a better characteristic than the flow with an eddy-type 


boundary layer. 


3 If the 1/,-in. flat-plate characteristic may be considered as 
a limit that can be approached by the 1/,-in. louvered-fin surface 


a substantial improvement of friction performance is possible’ 


This may result from a design which will afford an “aerodynamic- 


How this can be 
accomplished for a surface designed for commercial fabrication is 


ally cleaner” flow between and over the fins. 


a moot point. 


4 The pin-fin type of surface appears to have an excellent 
However, the problems of 


heat, transfer-friction characteristic. 
commercial fabrication of such a surface (with 0.04-in. pins) 
may preclude its use. 
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From the point of view ofthe compactness of the final des 


Several other points of interest can be inferred from Fig. 7) 


and Ey; correspond approximately to hot gas-side cong 
tions of the regenerator for an open-cycle plant. While : 
also approximates h on the air side, the friction powe | 
E & Bret (pret/Pair),? differs markedly from Eyer. 


This followal 


since pa;, is from 4 to 7 times pree- Consequently, for compar ly 
ble friction-power expenditure, h on the air side may be 2 ¢fiiiy 


3 times h on the gas side if the same surface is employee}, 


Moreover, due to shape requirements, it may be necessar 


} 
| 
to use different surfaces for the air and gas sides, as, for in 


’ 


stance, plain fins (A surface) for the gas and '/,-in. louvereiff 
Then h air side may be 4 to |f, 


fins (C' surface) for the air. 


| 

times that of the gas side, and the gas-side conductanc 

tends to control the over-all resistance to heat transfer. f 
ii 
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over-all core pressure-drop data. 


Appendix 


The friction factors for the surfaces tested were calculated from 
This calculation was based 


upon the following equation for core pressure drop 


G2 
AP.e: F04[ Ke +108 +2(2—1) 
2g é V1 
entrance flow accel- 
effect eration. 
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Nh : 
i 4 i= AND) es Tee oa Ve (7) Station on cores by the same manufacturer with 8.7 and 6.06 fins 
ies A, Sepak tice .perin. Careful scrutiny of the plots of f and j against R, however, 
i core “skin” exit effect fails to indicate any appreciable inflection, particularly for 6.06 
friction fins per in. (?/s and 1/.-in. louver spacings), that have curves of j 


he terms associated with the flow contraction on entrance into 
ipe core, the flow acceleration within the core, the friction with- 
the core, and the pressure recovery on flow expansion at the exit 
ve all Pi aad in Equation [7]. This equation includes the 
lealization that the density changes at entrance and exit from 
ie core are negligibly small. 

The terms for flow acceleration and friction within the core are 
erived from a dynamical equation (Bernoulli’s equation) in 
ifferential form incorporating a friction-head-loss term in which 
ne friction factor f is defined in relation to the wall friction stress 
Vos by 


he ratio, friction area to flow area, A/A,, is eos to the ratio, 
ow Pe aech to hydraulic radius. 

‘The integration of the dynamical equation for pressure drop 
ithin the core results, for the friction term, in an average spe- 
jifie volume, v,,,., defined by 


P, pie 
; Vv, Pe Ps 


ere P,,,, is an arithmetic-average pressure and 


Tima = = T steam — UGE 


AT ima being identical to the conventional logarithmic-average 
lemperature difference for heat transfer. 

 Hot-core friction factors agree substantially with the isothermal 

riction factors when evaluated on the foregoing basis, Fig. 6. 


Discussion 


C.F. Bonttua.4 The use of the proper temperature in comput- 
ng “hot-core’’ friction factor and the correlation against R, are 
yarticularly useful and represent significant advances in the cor- 
‘elation of test results on cores. 

Undoubtedly both R (based on hydraulic radius) and R, affect 
she pressure drop and heat transfer in extended surface with 
ouvers, but it is reasonable and interesting that data on a series 
f cores with the same hydraulic radius should correlate better 
gainst R, than against R. In this case, however, it does not 


correlate better against R than R,. This conclusion should be 
ested with cores of similar construction but different fin spacing. 

Some suitable data for this purpose are becoming available 
through subsequent work at the U.S.N. Engineering Experiment 


| 4 Professor of Chemical Engineering, The Johns Hopkins. Uni- 
versity, Baltimore, Md.; and Consultant, Gas Turbine Project, 
U.S.N. Eaecorine Experiment Station, Annapolis, Md. ~ 


shen seem reasonable that the inflection or “critical” region should . - 


versus R which are uniformly convex upward over the full range 
of R of 600 to 10,000. It is thus strongly indicated that no par- 
ticular significance can be attached to these points of inflection, 
considering in particular that besides R and R,, additional di- 
mensionless ratios involving the thickness and “roughness’’ of the 
leading edges of the louvers as well-as any deviation from scale 
of the shape of the louvers must affect the boundary layer and 
thus f ane 

In considering cores with “standard” louvers, that is, those 
which are so formed as to tend to push the fluid over toward one 
side of the core, two questions suggest themselves, which would 
not come up in “reversed” type louvers. Is there possibility of a 
variation in the pressure drop and heat-transfer characteristics 
of the core if the ratio of the length of the fluid path to the 
width were to be changed from that in the test cores? The 
possibility exists that a "shorter standard core (shorter fluid 
path) would show up relatively better, and vice versa; also that a 
standard core would show some advantage near a bend in the 
fluid line (over one tested in a straight duct), which is the way 
most of them are probably to be installed. 

With standard louvers all aiming to the same side, might the 
mean temperature difference be appreciably different from that 
of the reversed louvers when two fluid streams are being handled? 

An effort to throw some light on the first question will be made 
if possible by measuring the temperature and velocity distribu- 


- tion of the air at the outlet plane of a standard core, rather than 


a distance downstream. The second consideration did not come 
up in these tests with steam on the other side of the core. How- 
ever, in case it is an appreciable factor, or if a core is to be tested 
at a bend in a duct, it would seem desirable to specify to the 
manufacturer the direction in which the louvers on each side 
should point. The louvers in adjacent sections of the fluid path 
in the cores herein tested were subsequently found on inspection 
to aim either to one side or to the other in a random manner. 


H. B. Norracn.® It seems desirable to emphasize the authors’ 


. statement concerning the way in which the friction factors were 


calculated by subtracting assumed entrance and exit losses from 
over-all measurements. As the result of unpublished experience 
with aircraft installations, and especially under conditions of high 
passage Mach number, it may be stated that entrance and exit 
losses for multiple passages differ from those conventionally as- 
sumed for single passages. Hence it seems important that the 
magnitudes of K, and K, for Equation [7] be given with this pa- 
per rather than in the less accessible reference (1). Persons using 
the friction data should be advised to employ these same magni- 
tudes of K, and K, and not to perform unwarranted extrapola- 
tions beyond the test conditions. 

It is understood from the authors that continuing research is 
providing data on K, and K, directly. It would be interesting to 
have an advance indication regarding the nature of these results, 
for it is believed that both the flow rate and the flow-system ge- 
ometry will influence appreciably these loss coefficients. 

As a further caution, in-flows with high Mach number, it may 
no longer be acceptable to postulate constant density for the en- 
trance contraction and the exit expansion. Experience and analy- 
sis indicate that at a Mach number of roughly 0.25, and from there 
on up, density changes exert a more and more appreciable influ- 
ence. 

The logarithmic-mean density may be useful where the approxi- 


5 American Society of Heating and Ventilating Engineers, Research 
Laboratory, Cleveland, Ohio. Jun. ASME, 
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mation is justified, but this, too, needs to be judged in relation 
to the Mach number, and the actual rate of heat transfer along 
the flow-passage length. Gas-turbine regenerators do not com- 
monly employ a condensing fluid with the consequent approxi- 
mate uniformity of exchanger-surface temperature. 


AvuTHOR’s CLOSURE 


Professor Bonilla comments that R, should provide a better 
correlation for the transition flow region than R. He quotes some 
recently obtained U.S.N. Engineering Experiment Station data to 
indicate that when ry was varied, by changing fin spacing, the 
transition effect disappeared and the Ns,N p,/* versus Reynolds 
number characteristic was uniformly. convex up over the range of 
R = 600-10,000. The data quoted,® was for nonsimilar louver 
shapes, however, and later data taken at both EES and Stanford 
University, on cores of varying fin spacing and the same louver 
design, do continue to show a transition in the range R = 1000 to 
3000 for the heat-transfer results. These data (Stanford Uni- 


3/8-111 
— 0/68 
=—==9/8-6.06 


Re, x07 
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Fie. 11 Heat-TrRANSFER AND FLOW-FRICTION CHARACTERISTICS 
FOR THREE PLATE-FIN SURFACES 


(3/8 in. louver spacing, 0.055 in. louver gap, and rx = 0.00253 ft. 
0.00299 ft, 0.00365 ft, for the 11.1, 8.7, and 6.06 fins/in. 
surfaces, respectively.) 


versity results), shown in Fig. 11 of this closure, reveal even a 
more marked transition effect for the larger rj, magnitudes. 

The comments regarding the effect of louver design on divert- 
ing the flow are of interest. Downstream velocity traverses on 
the H core show no marked trend in this respect for this surface. 
For other surfaces this condition may not obtain, however, and 
downstream-velocity-traverse data on each surface tested is highly 
desirable. 

Mr. Nottage discusses the importance of K, and K, data for the 


6 “Basic Heat Transfer and Flow Friction Data for Gas Turbine 
Regenerator Surfaces,” by J. J. Dinan, U.S.N. Engineering Experi- 
ment Station Report No. C-2171-D, Aug. 26, 1947. 


» 
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friction-factor analysis of test results. Work at Stanford’ inc 
cates both theoretically and experimentally that for essentia 
incompressible flow K, increases with decreasing R below 500 
10,000 and K, decreases. At high R, the conventionally us 
coefficients for single-tube flow provide a good first approxi 
tion for multitube flow, and, since the low Reynolds number 4 
effect mentioned tends to cancel the K, effect, the net result on tle 
f data reported in this paper is minor. 

Mr. Nottage raises the point of what is the correct averag 
density to be employed in estimating pressure drops for hig] 
velocity flow with heat transfer. Recent work at the NACA® 
provides a partial answer to this question. Also Equations Is 
and the following reduced form of Equation [7] for pressure draft 
within the tube 


G2 
ap @ 2 (=a) 
29 Vv 


may be used, employing a method of successive approximation 
as follows: 


1 The gas temperature as a function of transfer area must 
known from A = Oto A = Atotal. | 

2 Assume as a first approximation a linear variation of P witli) 
AN Ie 
3 With steps (1) and (2) use Equation [9] (numerical o 
graphical integration) to get vavg from 0 to A as a function of Al 
Also get v as a function of A. 

4 Substitute back into Equation [7a] to get P as a function} 
of A from A = 0 to A = Atotat. This will serve as a second api} 
proximation for P and steps (3) and (4) can be repeated. Gen 
erally, for Mach number less than 0.15, it is sufficiently accurate) 
for step (4) to substitute into Equation [7a] on an over-all basis} 
for the over-all evaluation of AP, as further approximation foi} 
P asa function of A will not change the answer appreciably. 


With respect to Mr. Nottage’s final comments regarding the i 
use of the log-mean density: Equation [9] defines the correct} 
“specific volume” to be employed. Where the percentage pres4} 
sure change is small, i.e., less than 10 per cent, with good approxi} 
mation Equation [9] reduces to 


Vave Pn Py j 1 me 1A 9 qi 
Wi T Pave “A 4 a PEs 278 8 2 ee a HY 


That is, an average 7' “with respect to transfer area”’ is required.|} 
For the gas-turbiné regenerator, because of sensibly equal flow: ait 
stream-capacity rates (mass-flow rate times specific heat), thelf 
temperature is sensibly linear with transfer area, and an arith-| 
metic average of the terminal temperatures, in degrees R, equaitdl 
the bracketed correct average temperature of Equation [9a]. | 


7 “An Investigation of Losses of Flow Stream Mechanical Energy | 
at Abrupt Changes in Flow Cross-Section,” by W. M. Kays, Techni- 
cal Report No. 1, Navy Contract n-ONR-251, Task VI (NR-035-104), | 
Sept. 15, 1948. i 

8 “Generalized Charts for Determination of Pressure Drop of 4 
High Speed Compressible Fluid in Heat-Exchanger Passages,” by 
M. F. Valerino; paper presented at the Institute on Heat Transfer 
and Fluid Mechanics, Los Angeles, Calif., June 21-23, 1948. 


A co-operative program is in progress for the study of 
luid friction and heat transfer in idealized models and in 
,ommercial tubular heat exchangers over a wide range of 
jariables and under standardized conditions of equipment 
‘thnd technique. Suitable equipment for rapid and accu- 
late testing of the models is described. Heat-transfer co- 
fficients during cooling, and pressure-drop data during 


elocities chiefly in the region of viscous flow over an un- 
vaffled tube bank. The data are plotted in ways previously 
ised in the literature with fair agreement in most cases. 
t is expected, however, that when data for widely different 
‘onditions have been obtained, other methods of corre- 
ation may prove more suitable. 


NoMENCLATURE 
The following nomenclature is used in the paper: 


A surface area, sq ft 

b = longitudinal pitch, distance between center lines of ad- 
: joining transverse rows 

c = heat capacity, Btu/(1b) (deg F) 


7 i i aeXst olume 
D, = equivalent diameter = ree volume 


exposed area of tubes’ 


surface area of tubes, Btu/(hr) (sq ft) (deg F) 


1 This is the first contribution from the ASME sponsored Heat 
Exchanger Research Project which is being conducted by the Uni- 
versity of Delaware in co-operation with manufacturers and users of 
heat exchangers. 

2 Research Fellow in Chemical Engineering, University of Dela- 
ware, Newark, Del. Present address, The Koppers Company, Pitts- 
burgh, Pa. 

3 Associate Professor of Chemical Engineering, University of 
Delaware. 

4 Assistant to the President and Professor of Chemical Engineering, 
University of Delaware. Mem. ASME. 

' Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, Atlantie City, N. J., December 1-5, 1947, of Tur 
AMERICAN Socipry or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
‘understood as individual expressions of their authors and not those 
‘of the Society. Paper No. 47-—A-102. 


| D, = outside tube diameter, ft ; 
. f = friction factor defined by i Se dimensionless 
: 2 4G?L ’ 
AppD 0.14 
f' = friction factor defined byt = Gag) (+) f 
zy (=) “ 
Sr Sp 
‘ " AvoD n 
f” = friction factor defined by - = (8 “\ % } , dimen- 
sionless 
|Gimax = weight velocity through minimum cross section, lb/(hr) 
(sq ft) 
9, = conversion factor, 4.18 X 10% (mass’ Ib) (ft) /(force Ib) 
(hr)? 
h = surface coefficient of heat transfer based on outside 
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Heat Transfer and Fluid Friction During 
Viscous Flow Across Banks of Tubes’ 


By G. A. OMOHUNDRO,? O. P. BERGELIN,? anp A. P. COLBURN! 


5 h pg \=14 
j = heat-transfer factor, 7 = G (N p,)*/ (® , dimen- 
Cc Mw 


sionless 


k = thermal conductivity, Btu/(hr) (sq ft) (deg F/ft) 
p = pressure, psf 
q = rate of heat transfer, Btu per hr 
L = length of flow, L = Nb, ft 
N = number of rows of tubes in direction of flow 
Np, = Prandtl number. a dimensionless 
: DE a : 
Ne = Reynolds number, —, dimensionless 
M 
n = aconstant 
S; = longitudinal pitch, center-to-center distance from tube 
in one row to nearest tube in adjoining transverse row, 
ft 
S; = transverse pitch, center-to-center distance between ~ 
tubes in a transverse row, ft 
t = temperature, deg F 
t, = ty — 0.32 At, 
t,, = arithmetic average of inlet and outlet bulk temperatures 
deg F 
U = over-all coefficient of heat transfer based on outside sur- 
face.of tubes, Btu/(hr) (sq ft) (deg F) 
Vmax = velocity through minimum cross section, fps ; 
Ata» = arithmetic mean of terminal temperature differences 
between water stream and oil stream 
At, = logarithmic-mean temperature difference between oil 
stream and outer tube surface, as defined by Chilton 
and Genereaux (2) ,> deg F 
u = absolute viscosity of fluid at average-bulk temperature, 
; lb/(hr) (ft) 
#; = absolute viscosity at tube-surface temperature, Ib/(hr) 
(ft) 
yy = absolute viscosity at oil-film temperature, lb/(hr) (ft) 


p = Density, lb per cu ft 
Subscripts: 


f = refers to film 

o = refers to oil 

s = refers to outer surface of tubes 
w = refers to water 


INTRODUCTION 


Notwithstanding the widespread use of heat exchangers of the 
shell-and-tube type, the status of the information on heat-transfer 
coefficients and pressure drops on the shell side is such that con- 
siderable uncertainties exist both in design and in the utilization 
of existing equipment for new services. The available data 
are either the results for flow across single banks of tubes taken 
by many investigitors in different types of apparatus in a rela- 
tively narrow region of Reynolds number so that systematic 
trends are difficult or impossible to evaluate, or are spot results 
on complete heat exchangers but without enough information on 
all the dimensions and clearances to permit the determination of 


5 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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leakage and the effects of nonuniform velocities. A two-front 
- attack on this problem appeared to be called for: (a) an extensive 
study of “ideal” models under comparable conditions of uniform 
flow and no leakage; (b) a program of testing full-scale heat ex- 
changers, where all critical dimensions are available, so that 
eventually it would be possible to correlate the ‘Sdeal’”’ flow re- 
sults with those from the commercial units. The initial step in 
this program has been under way for some time and the first re- 
sults are now being reported; the next step, that of testing full- 
scale heat exchangers, is in course of development. 

The present study of ideal models was undertaken with the 
plan of investigating as wide a range of variables as possible at 
one location, using the same techniques and in so far as possible 
the same auxiliary equipment and operating personnel, so that 
‘all the data would’be on a common basis for comparison. The 
general program calls for variation of Reynolds numbers from 1 
to values greater than 100,000, for variation in fluid viscosity 
from that of air to that of a heavy oil, and for a wide variation of 
tube arrangements and spacings in both straight flow and baffled 
tube banks. The present paper provides a description of the 
apparatus being used and presents data for one oil flowing across 
a typical tube bank. A rather viscous oil was chosen so as to 
include the region of viscous flow, for which few data are available. 


‘ EQUIPMENT AND PROCEDURES 


The test equipment consi8ts of the heat-exchanger model, an 
oil-circulating system, a water-circulating system, temperature- 
measuring equipment, and pressure-measuring equipment. A 
schematic diagram of the flow system is shown in Fig. 1, and the 
insulated test exchanger with connecting headers is shown in 
Fig. 2. 

Heat-Exchanger Model. The model is shown in Fig. 3, with 
the essential dimensions given in Table 1. It consists of a rec- 
tangular steel shell containing seventy 3/s-in-OD copper tubes 
rolled into two fixed forged-steel tube sheets. The rectangular 
tube bundle is arranged in a staggered equilateral pattern on a 
pitch of 15/3 in. (1.25 tube diameters). The tube sheets and the 
walls of the shell adjoining the tube bundle are lined with sheets 
of 1/,-in. laminated phenolité plastic to serve as thermal insula- 
tion. The outer row of tubes on each side of the tube bundle is 
half embedded in the plastic. Bronze core reds placed inside 
the tubes permit high linear velocities without using extremely 
large quantities of water. These-are held in place by 1/1¢-in. 
bronze pins extending across the ends of the tubes and are cen- 
tered by pins soldered to the rods about 1 in. from each end. The 
exchanger is installed with the tubes vertical so that} water can 
be passed upward through the tubes and oil can be passed hori- 
zontally across the tube bank. 

Circulation Systems. These systems were designed to keep the 
amount of fluid small, so that equilibrium would be reached 
quickly after a change of test conditions. The water-circulation 
system is made of 1'/2-in. brass pipe, insulated with magnesia 
lagging. Connections ‘to the test exchanger are made through 
rectangular brgss headers. The water is circulated by means of 
a centrifugal pump. The rate of flow is manually controlled with 
a “‘flocontrol”’ valve and measured with a 3-in. guided-float rotame- 
ter. For calibration of the rotameter a storage tank is con- 
nected to the suction side of the pump, and an auxiliary weigh 
tarik and scales are used. During cooling runs the temperature 
of the water system is regulated by the additidn of cold water to 
the suction side of the pump from a constant-head tank connected 
to the city water mains. The addition of cold make-up water 
is controlled by a needle valve and a small rotameter. Water 
forced out of the system by the make-up water is removed through 
a small surge tank located at the highest point in the system, and 
this also serves to remove entrained air, 


’ order to minimize by-passing and improve control. The oil th 


-with five-junction series-connected thermocouples made fro 
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The oil-circulation system is made of standard 2-in. iron pi) 
insulated with magnesia pipe lagging. The headers and 1] 
test exchanger are covered with 1 in. of corrugated asbestos boa) 
and then wrapped with 2-in. blankets of glass wool, as shown) 
Fig. 2. The oil passes from the storage tank through a basl 
strainer and then to a suction manifold for three gear punjg) 
having capacities of 2, 15, and 48 gpm, respectively. For ii t 
test run a pump of approximately the desired capacity is usediig}, 


ie 


a 


passes through a steam-jacketed preheater, after which the fle i 
rate of the heated oil is measured by one of four “ultra-stabig) 
vis” type rotameters with capacities of 0.2-1.0, 0.8-5.0, 4) 
21.0, and 20-66 gpm, respectively. The rotameters were cat H 
brated in position using the test oil at four temperatures rangiigy 
from 80 to 210 F. Check calibration runs were made until 
producibility within +1 per cent was obtained. i 
The rate of oil flow is controlled manually with ““flocontro 
valves located between the rotameters, and the inlet header |f} 
the test exchanger and a by-pass line between the pump sucti¢f 
and discharge manifolds. The oil-inlet header is 42 in. long arg} 
has the same cross section as the tube bundle in the exchange! i 
The entrance end of the header is packed with copper tubes ei} 
tending for 26 in. to act as velocity diffusers and flow straighter#} 
ers. Following the test exchanger is a reducing header and ag} 
oil mixer which is used for oil rates up to 20 gpm. The mix 
consists of a 1-ft section of 2-in. pipe containing four disks aboy 
2 in. apart. There are six !/i.-in. holes in each disk, and thi } 
disks are placed with the holes in a staggered arrangement { | 
give the oil stream a twisting motion’as it passes through t Hi 
mixer. i) 
Temperature Measurements. These are made with copper} 
constantan thermocouples placed at the control points indicatelf} 
in Fig. 1. These couples are connected through a selector swite/#} 
to a direct-reading electronic-type potentiometer, and also to i 
ten-point temperature recorder. The potentiometers are checked} 
against a standard potentiometer each week. The thermocouple} 
are calibrated at the melting and boiling points of water. — 
The temperature changes across the exchanger are measure 
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24-BWG copper and constantan wires. These multiple-junctioa| 
couples are located in each stream on either side of the test exif 
changer, and the ten couplés for each stream are connected di | 
ferentially. The leads are brought out through a double selectoi} 
switch to an electronic-type potentiometer which has a apeeniy 
scale of 500 divisions for a 5-mv range. Based upon an instrusf 
ment sensitivity of !/; scale division and a precision of +1/; scale} 
division, the multiple-junction couples are capable of a sensitivit J} 
and precision of 0.03 deg F. The calibration of each assembly} 
of couples is checked by. placing both sets of junctions in a cont 
stant-temperature bath to obtain the zero point. Then one set off 
junctions is placed in another bath at a higher temperature] 
The lower-temperature bath is held-at constant value, and the 
higher-temperature bath is raised about 4 deg F, as measured 
by a Beckman thermometer, to determine the change in poten- 
tial with change in temperature. This procedure is repeated 
at three temperature levels in the working range of 100-200 F. 
In every case the calibration of the multiple couples has beer 
the same as the value calculated from the four-decimal plac 
calibration data obtained from the manufacturer. The differ- 
ential couples are arranged to obtain an average value in case! 
there are variations in temperature within the stream. The 
multiple couple for the entering oil is mounted in a grid across 
the 3-in. X 6-in. entrance header and is located 3 in. beyond the. 
end of the straightening vanes and 15 in. from the front of the 
tube bank. Calibrated mercury thermometers are installed 


near the thermocouple grids to provide a check on the differential | 


He ; ne] Oi! 


Model number 
utside tube diameter............ 
inside tube diameter.............. 
ube arrangement................ 
BAER DT UO eres cis entra geese 
Pitch/outside diameter ratio....... 
learance between tubes.......... 
Exposed tube length.. ate 
Number exposed tubes per row..... 
Number tube rows.............-. 
Total exposed tubés.............. 
BPE GUI OS «, ote sgcehs a aiereves IM «© a 
MEPOUTAGLOLIAN sete tas +o Be Pgivin vs 
inimum shell-side area for flow... 
hell-side heat-transfer surface area 
eet side equivalent hydraulic di- 
Tibewali thickness(18 BWG)..... 
Pube-core diameter............... 
Annulus clearance.............-.: 
PUMA TATION salves aye vhs sv. tn eine 
Total annulus for flow............ 
Longitudinal distance between rows 
BD CUES crore ie ats cine) nie ieee rie/e) eye 
Thermal conductivity of plastic liner 
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Fie. 2 InsuLatTep HeapEeR anpD Unit ASSEMBLY 
TABLE 1 TEST-EXCHANGER CONSTANTS 


.875 in. 
.277 in, 


.46875 in. 
.09375 in. 


0 in. 


66 sq in. 


sq in. 


.27 in. 
.049 in. 

. 1875 in. 
.0448 in. 
275 sq in. 
.406 in, 
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Thermocouple Grid 


Calming 
Section 


Manifold 


Oil Storage Tdak 


I 
0.0313 ft 
0.0231 ft 
Equilateral triangle 
0.0391 ft 
1.25 
0.00781 ft 


Copper 
0.0254 sq ft 
.19 sq ft 


3 

0.0225 ft 
0.00408 ft 
0.01562 ft 
Ph ft 
0 


.48 
.0158 sq ft 


0.17 Btu/(hr. 
ft) ee etD we 
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Figurel 
FLOW DIAGRAM FOR ' 


HEAT EXCHANGER TESTS 


Fie. 1 Frow Diacram ror Hrat-ExcHanGmr Tests 


Fie. 3 Test Move 


couples. The thermometers are graduated.in units of 0.1 deg C‘ 
over a range of 25 deg C. 

Pressure Drop. The shell-side pressure drop of the exchanger 
is measured with an inverted differential air-over-oil manometer, 
using oil from. the system as the indicating fluid. Pressure taps, 
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1/, in. diam, are located in the top of the headers 6 in. upstream 
from the first row of tubes and 7!/2 in. downstream from the last 
row of tubes. An air separator is located over each tap, from 
which the leads are carried horizontally to the manometer board. 
The leads are notinsulated and are soldered together for a dis- 
tance of 12 in. so that the oil in both leads will be at room tem- 
perature at the manometer. For large pressure drops, an oil- 
over-mercury manometer is used with the same pressure taps. 

Materials. A highly refined turbine oil, Gulferest “E”, is 
being used for these tests. Accelerated oxidation tests performed 
by maintaining a sample of oil at 200 F and bubbling air through 
it for 30 days showed no change in the physical properties of the 
oil. The viscosity of the oil was determined by means of a Say- 
bolt viscosimeter at temperatures over the test range. The values 
of the viscosity corresponded exactly with those given by the 
supplier. The density of the vil was determined with standard 
hydrometers at temperatures over the test range. The physical 
properties of this oil over the vem pere sie range of interest are 
given in Table 2. 

Water from the city mains is used as a cooling medium. Pre- 
vious tests in this laboratory have shown the physical proper- 
ties of the city water to be the same as those of distilled water 
in so far as heat-transfer experiments are concerned. A small 
amount of Calgon and copper sulphate is added to the water 
system during the periods when the equipment is standing idle 
to retard scale and algae growths. 

Operation. For the isothermal pressure-drop tests, the water 
system is drained completely and valves in the lines are closed to 
prevent air circulation. The oil is circulated until all piping 
and insulation have reached thermal equilibrium with the oil 
. temperature at or near 150 F. Some difficulties were encountered 
in maintaining equilibrium at oil velocities less than 0.1 fps. 
About 11/2 hr at any given oil flow rate are sufficient to complete 
atest run. The oil rate is varied over the entire operating range 
of pump capacity to obtain maximum variation of pressure-drop 
data. Isothermal] tests were made to determine heat losses from 
the test exchanger, and no measurable temperature change in 
either the oil or water streams was found at the working tem- 
» peratures. 

For cooling tests, water is circulated at 45 gpm and at about 
100 F for all runs, while the oil is circulated at varying velocities 
and at an average bulk temperature of 150 + 10 deg F. Equilib- 
rium is considered established at each oil-flow rate when three 
successive readings at 15-min intervals show little or no change 
in conditions, and when a heat balance is obtained with less than 
5 per cent error. 

The exchanger was thoroughly cleaned at the start of the tests 
and the entire water system was cleaned with a dilute solution 
of hydrochloric acid. Inspection at the béginning of the tests 


TABLE 2 PHYSICAL PROPERTIES OF GULFCREST “EB” OIL 


TRANSACTIONS OF THE ASME 


JANUARY, 


revealed no scale or dirt on either side of the exchanger, a 
experiments were made within 3 weeks after this inspection.) 
the end of the tests one of the first points was rerun, yieldi 
check value slightly higher but within 3 per cent of the orig 
value. 


EXPERIMENTAL AND CALCULATED RESULTS 


The experimental results are presented in Table 3, and | i} 
culated heat-transfer and friction values are given in Tables 41 
5. During these tests the temperature change across the}§) 
changer was much larger for the oil than for the water; theref® 


. \ 
for greater accuracy, all possible calculations are based on 
heat load calculated from the temperature change of the oil streg} 
The entering-oil and water temperatures, together with |ff 


changes in temperature as measured by the multiple-junct 


perature differences. An average error in heat balances of 29) 
per cent was found in the cooling runs. All of the data seer 

be consistent, except the isothermal pressure drop for run num 
fi-1-26 which therefore is not considered in the discussion. 


— the cored tubes as annuli and using the data of Carpenta 

al (1). The water-film coefficient, which was practically c 
Aa at about 1480 for all runs, is 6.2 times the maximum | 
coefficient and 38.4 times the minimum oil coefficient. The 
film coefficients of heat transfer are calculated by subtracting if} 
resistance of the water film from the over-all values, the resistai}} 
of the metal wall being negligible (Ametai = 46,700). The 
changer is considered clean in this series of experiments so |}. 
allowance is made for dirt or scale. 

While the heat-transfer coefficients are all computed using tf} 
arithmetic-mean temperature difference, even though some |}! 
the runs were in the early turbulent region, the temperat i 
changes are so small for these latter runs that the arithmeifj 
and logarithmic means are essentially equal. The correctilf 
factor for temperature difference for crossflow was found to k iy 
negligible in all runs. 


‘ Discussion oF RESULTS 


In Fig. 4 the experimental pressure-drop data are plotted ve) } 


sus the linear velocity through the minimum cross-sectional ard 


for flow. The marked increases in the slope of the pressure-dré} 
curves at a velocity of about 1 fps may be attributed to turbule ' 
forces becoming predominant above this point. The displacemet 
of the cooling curve from the isothermal curve is thought to kf 
due to increased frictional resistance caused by the cold surfa 5 
of the tubes. The considerable divergence of the cooling line ug} 
ward from the isothermal line at velocities below about 0.2 fps jf 


noteworthy. There is reason to believe that it may be attribut: al 


ke 
t cp? tu/(Ib) _(sq_ ft) cm cu )\?/s b Ib 
(elder fF ) “Bayh eerste, « (deg F/ft) es per'ou ft 
90 0.461 321 0.0757 1955 156 54.06 
110 0.473 177 0.0753 1110 107 38 6e 
130 0.484 106 0.0748 685 (Gas 53.18 
150 0.495 68 0.0743 453 58.5 52.76 2 
170 0.507 46 0.0739 316 46.0 52.34 
190 0.518 32 0.0734 226 37.0 51 194 
210 0.530 23 0.0730 167 30.2 51.57 
@ Calculated using equation of Watson and Nelson (8) 
ep = 0.6811 — 0.308s + ¢(0.000815 — 0.000306 0. 
where gs = apecitie gravity at 60 F : Pees Rt eee 


t, = temperature, deg F 
®K = characterization factor = 12.6 
b Experimentally determined values. 
¢ Palgnlbig’ oe of C. S. Cragoe (9) 
k= io [1 — 0.0003 (¢ — 32) } 
specific gravity at 60 deg F (0.877) 
temperature, deg F 
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TABLE 3 EXPERIMENTAL RESULTS 
; . Oil Ap Water Water Water Water 
Run Oilrate ° Oil temp Oil temp lb per Oil tem rate, temp, temp, * temp,’ 
number lb per hr in, deg F out, deg F sq ft drop, aor Mpa lb per hr in, deg F out, deg F rise, deg F@ 
Coourne Data 
E-1-16 225 162.9 117.8 2.47 45.1 23050 98.3 98.4 OL22 
E-1-15 340 162.9 126.0 3.15 38.4 23050 99.6 99.8 0.26 
E-1-14 488 165 134.4 3.80 31.0 23050 101.5 101.7 0.34 
E-1-13 709 161.6 137.4 5.20 24.2 23050 100.2 100.5 0.37 
E-1-12 1030 158.0 139.6 Ta22 18.6 23050 100.2 100.7 0.42 i 
E-1-11 1515 156.8 143.8 9905 14.3 23050 102.1 102.5 0.45 
E-1-10 2240 Ledaw 144.2 14.6 LBod 23050 100.9 101.1 O52 
E-1-7 2820 162.3 150.3 16.3 10.5 23050 100.5 101.1 0.66 
E-1-6 4470 164.2 156.7 24.9 7.60 23050 104.5 105.0 0.78 
E-1-8 6070 162.4 155.2 36.6 6.40 23050 100.5 101.1 0.83 
E-1-36 12300 152.0 148.6 98.8 3.50 _ 23050 100.2 101.1 0.96 
E-1-38 18600 152.0 149.4 173. 2.85 23050 100.0 101.1 1.14 
E-1-35 26250 151.8 149.5 287 2.54 23050 99.0 100.2 1.47 
IsoTHERMAL Data 
E-1-26 204 147.4 0.72 
E-1-50 270 148.9 1,22 
E-1-25 346 149.0 a agi 
E-1-24 463 150.2 2.29 
E-1-22 710 149.3 3.43 
E-1-21 1040 149.2 5.14 
E-1-23 1510 149.3 7.45 
E-1-20 2290 150.9 10.9 
E-1-19 2930 151,3 14.0 
E-1-18 4370 150.4 23.1 
E-1-17 6180 151.2 30.1 , 
E-1-49 9275 149.2 59.5 
H-1-46 14050 149.2 103. 
E-1-47 19500 150.0 164, 
E-1-48 26300 150.1 261. 
7 Measured with differential thermocouples : 
TABLE 4 CALCULATED iamig eas Wane ta ee 
un go Btu gqgoBtu 2—W@ Atom Oil Gmax 1b/ ts Oil ur)" 7 : DpGmax 
mber per hr per hr qo deg F U haw ho Vmax fps (hr)(sqft) deg F tm deg F j be 
~-16 4980 5045 —1.30% 42.0 37.3 1460 38.0 0.047 8850 99.6 140 4 1 a6 0.677 3.30 
-15 6420 6100 +4.98 44.0 45.8 1470 47.3 -0,070 13350 102.0 144,5 ib, 0.524 5.48 
-14 7500 7830 —4.40 47.8 49.2 1490 ol 0 0.101 19200 103.6 149 af ls ig 0.371 8.81 
-13 8500 8520 —0.24 49.1 54,2 1480 56.4 0.147 27850 102.2 149.5 1.18 0.284 12.8 
-12 9480 9670 —2.01 48.3 61.5 1480 64.3 0.213 40500 102.6 148.8 1.18 0.223 18.3 
-11 10720 10370 +3.26 47.3 71.0 1500 74.5 0.313 59500 104.4 150.3 sales Os ae 27.7 
-10 12300 11990 +2 .52 49.0 78.7 1480 83 3 0.464 88100 103.7 150.0 Le, 0.13 40 °4 
-7 14780 15200 —2.85 56.2 82.5 1480 87.5 0.585 111000 103.3 156.3 1.20 0. oe 57.7 
-6 17050 17900 —5.00 55.8 96.1 1520 103 0.929 175800 108.7 160.4 1.18 Coaeee ieee 
-8 19400 19100 +1.55 58.3 104.3 1480 112 1.26 238500 104.8 sas eee eeate 0 
-36 21350 22150 —3.75 49.6 135 1480 149 2° 53 484000 105.4 150. ie ie arc ve 
‘$-1-38 26300 26300 0.00 50.0 165 1480 186 3.85 731000 106.5 150.7 i . 08 3 
f-1-85 33100 33850 —2.27 50.8 204 1470 238 5.43 1032000 106.7 150.6 1.16 0.0314 474 
» 
e 
TABLE 5 CALCULATED PRESSURE-DROP RESULTS jr jn 
Oil . J ’s > oy DeGmax 
hmber degF degF (hr)(sqft) - fps 2 uf Hs Ms ¥ iets arog Sarr 
pero eee ee Bee ore sa i aaa ie ee i i. 378 5.57 4.94 3.96 
-1-15 144.5 131.8 13350 0.070 6.52 2.92 eds Bee ee 5°90 3°20 281 8 35 
Be cttocgicdes 6 37850 0.147 2/46 640 0.303 0.846 Ol741 «10.8 2.07 1.81 9.22 
eh lene to 40800 0.213 162 9:30 0.316 0.851 (0.750682 1.37 1.20 13.25 
-1-12 148.8 134.0 40500 0.213 1.62 9.30 Oo : pr eea Siyeal “A 34 0871 0772 20°0 
Hd-11 150.3 136.0 59500 0.313 it 032. 14.3 Beet Oiess 0731 291 0585 0517 29.9 
MeO. = «150.0 . 135.2 88100 0.464 0.690 21.1 0.318)» 0.B62\) 0.751 2.04 Dibaba ete ela 
-1-7 156.3 139.4 111000 0.585 0.497 29 4 eee Orcas ee he piaas Aone aie 
1-6 , 160.4 143.7 175800 0.929 0.294 52/1 ares eee moe as Pee age one 
-1-8 158.8 141.8 238500 1.26 0.236 65.5 ere Raed ee Beep fase nue tenn 
38 120 3 136.4 731000 : 3 83 0. 119 ist 0. 336 0.858 0.761 0.505 0.102 0.0899 246. 
4 ' 4 AS) : . ‘ : 5 102 089 
38 150.6 136.6 1032000 5.43 0.099 256 0.347 0.862 0.767 0.423 0.085 0.0757 347 
IsoTHERMAL DATA , 
1-26 147.4 8020 0.0422 4.10 aes . * Ba aaa a S 
1-50 148.9 10630 0.0559 3.94 ve 16°0 339 339 4.43 
1-25 149.0 13600 0.0717 3.39 4.43 16.9 ae ee te 
H1-24 © 150.2 18200 0.0960 2.54 6.07 ‘ oe oe et Hae 
-1-22 149.3 28000 0.147 1.61 ioe E61 113 1113 133 
-1-21 149.2 40900 0.216 1.13 : a 3 85 0.773 0.773 194 
130 150.9 30100 O:a74 0503 30 2 2.52 0.505 0.505 30.2 
-1-20 Oe . . ‘ 6 
-1-19 151.3 115000 0.607 0.388 38 “ ; or Haste daa gs 
-1-18 150.4 172000 0.905 0.286 57 102 0205 0205 81.6 
1-17 151.2 243000 1.28 0.205 81.6 0816 0.164 0.164 119 
re ts S 3F 000 2°93 0.193 180 0.612 0.123 0.123 180. 
'-1-46 149. : 0.508 0.102 0.102 254 
-1- 150.0 767000 4.03 0. 102 _ 254 ; / ‘ ‘ . 
wi 150.1 1035000 5.45 0.0895 344 0.446 0.0895 0.0895 344 
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2 ape! QO ie, 8-75. Tal BES Sth 1G) 
Maximum Oil Velocity, Ft./ Sec. 


Fic. 44 Pressure Drop, AP 
(Flow normal to #/s-in-OD tubes, 15/3: in. equilateral pitch. Bulk-oil 
temperature range for cooling runs, 140-160 F; surface-oil temperature 


range for cooling runs, 100- 110 FF, bulk-oil temperature rape for isothermal 
runs, 147-152 F. Gulfcrest ‘‘E’’ oil, 525 SSU at 100 deg I’, 98 centipoises.) 


BTU 
(Hr\SaFtX"F), 


3 5 70] ogee 
MAXIMUM 


Sanh | 2 3 
OLE ViBLOCIIN.. Eia/S EG 


Se © 
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(Flow normal to */s-in-OD tubes, 15/32: in. equilateral pitch. Bulk-oil tem- 
perature range, 140-160 F; surface-temperature range 100-110 F. Gulf- 
crest ‘‘E”’ oil, 525 SSU at 100 deg F, 98 centipoises.) 


to the uneven distribution of flow which tends to occur dur- 
ing cooling of viscous liquids. This condition often results when 
cooling viscous streams in parallel because of the instability aris- 
ing when greater cooling of one stream causes higher viscosity, 
and therefore lower velocity, at a given over-all pressure drop. 
This in turn means a greater temperature decrease of the slow 
stream, etc. Because of mixing between streams, this effect 
might not be appreciable during flow across banks of staggered 
tubes. Additional data in the low-velocity range, together with 
velocity and temperature traverses across the tube bundle, are 
needed to obtain a better understanding of this effect. 

The friction data for isothermal and cooling test8, calculated 
as friction factors, are presented in Fig. 6 by the Chilton and 
Genereaux (2) method of correlation. This correlation uses both 
the isothermal and nonisothermal data of Sieder, and Scott (3), to 
obtain a relation between the friction factor and Reynolds num- 
ber, with the physical properties based on a film temperature, 
and the equivalent hydraulic diameter used in calculating the 
Reynolds number. The curve of Chilton and Genereaux falls 
parallel to and about 12 per cent below a straight line through the 
present isothermal data over the range of Reynolds numbers 
from 5 to 40. Above a Reynolds number of 40, the isothermal 
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perature range for cooling runs, 140-160 F; surface-temperature range | 
isothermal runs, 100-110 F; bulk-oil temperature range for isothermal rul 
147-152 F. Gulfcrest “BE” oil, 525 SsU_ at 100 deg F, 98 etic | 
Predicted curve f/2 = 13.25 NRe-?; tf = tm — 0. 32 A 


data depart from a straight line. This tendency was also tri 
of the data of Sieder and Scott as reported by Chilton aif 
Genereaux and indicates the beginning of turbulence. The coq} 
ing data practically coincide with the isothermal data throug 1 
out the region of partial turbulence and into viscous flow down | } 
a Reynolds number of 10. Below this point the friction fact} 
increases rapidly and the film-temperature correction is no long} 
adequate to bring the cooling data in line with the isotherm 
points, again showing the possibility of nonuniform distributid}| 
of flow at low velocities. j 
In Fig. 7 the friction data are plotted according to the methaf 
of Gunter and Shaw (4), in which f’/2 is plotted against Ne wi 
the average bulk temperature used in evaluating all physical proj} 
erties. By this method the cooling data fall’close to the propose i 
curve down to a Nre of about 10, but at lower values they devia | 
in the same manner as in the Chilton and Genereaux method ¢ 
correlation. The Gunter and Shaw curve falls parallel to th | 
isothermal data but about 17 per cent above them for Reynold 
numbers from 5 to 50. Both the isothermal and cooling dati 
fall on or near the curve of Gunter and Shaw above a Reynold] 
number of 100. 
It must be kept in mind that both of the procedures mentione 
for correlation in the region of viscous flow were based upo 
Sieder and Scott's investigation which covered only one tub 
size, one tube arrangement, and two tube spacings. As pointe} 
out by Boucher and Lapple (5) these data are exceedingly limite} 
in scope to serve as the basis for a general correlation. Moreove 
since the tube size and pitch of the present unit are one half 
those used by Sieder and Scott, further data are necessary t¢ 
determine the quantitative efreane of these variables. : 
Fig. 8 shows the effect of applying the Sieder and Tate viscosit: 
correction to’ the data on pressure drop during cooling in an ef 
fort to correlate them with the isothermal data. The viscosit; 
ratio 4/us is shown raised to the 0.25 power as recommended fo 
viscous flow by Sieder and Tate (6), and the 0.14 power as recom 
mended by Gunter and Shaw. From Fig. 8 it is evident that 
single ‘viscosity-ratio correction is not adequate for the correlz 
tion of these data and that the u/u, ratio should be some functio 
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Plow normal to 3/s-in-OD tubes, '/s2 in. equilateral pitch. Bulk-oil tem- 
erature range for cooling runs, 140-160 F; surface-temperature range for 
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r cooling runs, 100-110 F; bulk-oil temperature range for isothermal runs, 


p47-152 F. Gulfcrest “H” oil, 525 SSU at 100 deg F,.98 centipoises.) 
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f the rate of flow. When additional data have been obtained a 
orrelation will be attempted upon this basis. 

The heat-transfer data have been calculated as j-factors and 
blotted on Fig. 9 versus the Reynolds number based on tube 
iameter. The j-factor here utilizes the Sieder and Tate viscos- 
ty-ratio correction. While the curve through the experimental 
lata has a steeper slope than that’ predicted by Colburp (7) 
jarallel to a plot for single tubes, it is of interest that the data 
all so close to the predicted curve, since the proposed correlation 
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(Flow normal to */s-in-OD tubes, 15/32 in. equilateral pitch. Bulk-oil temper- 

ature range for cooling runs, 140-160 F; surface-temperature range for cool- 

ing runs, 100-110 F. Gulfcrest "HY og 525 SSU at 100 deg F, 98 centi- 
poises. 


was made at a time when no data on tube banks were available. 
Although the simple group of variables included in the j-factor 
is at best a rough approximation for the exact factors of impor- 
tance, further data for other conditions are necessary before a gen- 
eral correlation can be attempted. é 

At the lowest velocities, free convection may have had some 
effect; this was probably very small because of the high viscosity 
and close tube spacing. This factor will be explored in future 
work. 


CONCLUSIONS 


1 The equipment and technique are satisfactory as shown 
by the uniformity of the friction and heat-transfer data, and the 
agreement of the friction data with average values of previous 
investigators. 

2 Neither the proposed correlation of Chilton and Genereaux, 
which is approximately 12 per cent low, nor that of Gunter and 
Shaw, which is approximately 17 per cent high, adequately cor- 
relate the isothermal friction data, indicating a possibleeffect of 
tube size or pitch not exactly covered by those correlations, 


3 A viscosity correction which is a function of the flow rate 
seems to be indicated for the correlation of cooling data with iso- 
thermal friction data. 

4 The heat-transfer data appear to fall near the curve 
previously drawn parallel to data obtained with single cylin- 
ders. 
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Discussion 


T. Tinxer.® The data reported in this paper constitute a 
finite contribution to heat-transfer literature. These caref 
run data disclose certain peculiarities in fluid flow and hill 
transfer in the Nre regions which should be investigated furtl§ 
for a variety of tube sizes and arrangements. 

The downward divergence of the heat-transfer characteris i | 
from the theoretical at low flow rates attributed to uneven Gf] 
tribution of flow is similar to that observed and reported by tj} 
writer for commercial heat exchangers. In most commerc§} 
heat exchangers, these effects are much more drastic because} th 
addition to the flow routes through the tube nest, there are oth#@! 
parallel flow routes of low hydraulic resistance mere the ¢ H! 
changer. E, 

The authors suggest that the viscosity-ratio comeneian cy | 
should possibly be some function of the rate of flow in order |ff 
bring friction factors for oil-cooling in line with the isotherm j 
data. It may be possible that part of the irregularity in the lo} i 
velocity region may be due to uneven distribution of flow aiff 
only partly due to an improper exponent applied to the viscosi il 
ratio. Should this be the case, the portion of the irregularity dij il 
to uneven flow distribution might be quite different for a bank 
tubes 6 rows wide from that of a bank 15 rows wide or for banks jf!’ 
different tube lengths. In consideration of this possibility ? 
might be advisable to investigate the variations in flow distrib) i 
tion for tube banks of different proportions before assigning \ 
specific function to the viscosity ratio correction. ti 


6 Chief Engineer, Ross Heater & Manufacturing Company, In 
Buffalo, N. Y. 
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About three quarters of these might 
‘jroperly be classed as commercial units. All the plants 
a this category operate at modest inlet temperatures 
nd utilize alloy materials on which extensive experience 
,as been obtained. This indicates definite places in the 
ijtationary power field for gas turbines such as can be built 


omparable to that now going into technical development 
ust be expanded on defining and evaluating the gas 
bine’s economic possibilities so they may be fully ex- 
oited. This paper presents some preliminary thinking 
long these lines. For the case where power generation is 
e sole requirement, the authors analyze several specific 
ituations. It must be clearly understood that such 
alyses are instructive only if their limitations are recog- 
zed; nothing is more dangerous than economic generali- 
tion. For cases where process heat as well as power must 
e supplied, the economic problem is even more complex. 
‘he authors have, of necessity, approached this question 
om a qualitative viewpoint, and merely indicate the 
ieneral position of the gas turbine in this field and some 
f the modifications that might enhance its usefulness. 


’ Gas-TuRBINE CHARACTERISTICS 


HE performance and physical characteristics of gas turbines 
ie been thoroughly discussed in many papers. It would 

be well, however, to review briefly those characteristics 
aat have a bearing on economic decisions. 

Present commercial capacity range for gas turbines operating 
t 1100 F varies from 1000 to 25,000 kw. When inlet tempera- 
ares can be raised, the range will increase. Gas turbines now 
urn fuel oil and gas. In the light of present aggressive research 
rograms it is likely they will be able to burn coal in the not- 
0-distant future. 

Gas-turbine plaats require only small building volumes, on the 
rder of one third that needed by steam plants of equal capacity. 
this feature, coupled with the relatively few plant components, 
yeans that operating labor can be reduced considerably. Fur- 
jermore, gas turbines can be started from cold in 6 to 10 min, 
iminating banking losses and minimizing starting losses. On 
ie basis of necessarily limited experience, reliability and main- 
ynance cost seem closely comparable to steam-turbine figures. 
Small physical size and low weight are advantageous in reducing 
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The Gas Turbine as a Stationary 
Prime Mover 
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foundation requirements and hence investment costs. For 
plants of 6000-kw capacity and less, no water is needed, which 
means the plant can be located anywhere. Plants above 6000- 
kw capacity have proved more economical when compression is 
divided into two or more stages and intercooling utilized. This 
reduces compressor dimensions and raises over-all cycle efficiency 
and capacity. Water-for intercooling is only a small fraction of 
tnat used by a steam plant of equal size. Again, this gives 
greater latitude of plant location for the gas turbine. 

Typical performances at full load with 1100-F inlet gas for 
10,000-kw gas turbines are as follows: Simple cycle, no inter- 
cooling, 19,000 Btu per kwhr; simple cycle with one intercooler, 
16,000 Btu per kwhr; 2-turbine arrangement with inter- 
cooler, 15,000 Btu per kwhr; regenerative cycle with intercool- 
ing and reheating, 13,000 Btu perkwhr. | 

Because gas turbines are flexible in design, increasing invest- 
meats produce a more efficient plant. For example, plants built 
for 30 per cent thermal efficiency cost about 50 per cent more 
than plants to operate at 20 per cent thermal efficiency. Any 
plant built for intermediate efficiency would be roughly prorated 
in investment cost between these limits. 


IsOLATED-PLANT COMPARISON 


Having seen how the gas turbine shapes up in general terms, let 
us attempt to make some economic comparisons in situations 
where the gas turbine might be considered as a possible prime 
mover. For the first ca8e, assume that an isolated plant, solely 
for power generation, is to be built. 

Economic conditions being extremely variable, depending on 
geographical situation and local conditions, it becomes pointless 
to assume just one set of costs and expect to draw any conclusions 
of general value. However, original investment and unit fuel 
costs are the primary determinants for evaluating the economic 
desirability of alternate schemes, and Figs. 2 to 5 indicate how a 
gas-turbine plant of definite heat-rate characteristic compares 
with alternate steam and Diesel installations as these two prin- 
cipal costs are varied. The heat-rate characteristics for the 
three plants are given ia Fig. 1. Other pertinent data for this 
elementary economic comparison are given in Table 1. 


TABLE 1 COMPARATIVE DATA FOR POWER SYSTEMS 
Steam Diesel Gas 
Plant turbine engine turbine 
thei Capaeit yar Wie. «clstesisisccies atc tien: icicle 10000 10000 10000 
2 Operating crew, MeN........++-+05- 12 ms 7 
3 Annual labor cost........+.--+-++++> $36000 $21000 $21000 
4 Average cost of maintenance, repairs, 
supplies, lubricating oil, miscellane- 
ous, mills per kwhr.........-.---- 1.0 1.8 0.8 
5 Annual investment—charge rate, per “8 - A 
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Fig. 2 shows the justifiable investment in a gas turbine (in per © 
cent of steam-turbine investment) for various combinations of 
original cost, unit fuel cost and plant capacity factors of 30, 
50, and 70 per cent. For any steam-plant investment and capac- 
ity factor, the justifiable gas-turbine investment increases with 
lower unit fuel costs. Unit fuel costs are assumed equal for 
gas-turbine and steam-turbine plants. At one value of unit fuel 
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cost, the gas-turbine justifiable investment equals steam-plant 
investment. 

To draw conclusions from these curves, relative costs of gas- 
turbine and steam-turbine plants must be known. As yet, we 
have no experience in this country, but a clue to this relation 
may be taken from Swiss experience which reports that, for 
equal capacities, a gas-turbine plant costs about 85 per cent of a 
steam-turbine plant. Using this value as a.criterion, we can 
then conclude that at, say, 50 per eent capacity factor, the gas- 
turbine plant economically equals the steam-turbine plant at 
investments for the latter of $58 per kw with 30 cents per million 
Btu fuel, $121 per kw with 40 cent fuel, or $184 per kw with 
50-cent fuel. If actual fuel costs are less than these at the given 
investments then the gas-turbine plant is economically superior 
and vice versa. , 

The families of curves for the three capacity factors show that 
gas-turbine desirability increases with greater utilization at given 
investments and fuel costs. 

There may be cases where the steam plant can burn eoal and 
the gas turbine must burn relatively expensive oil. To show the 
effect of this condition, Fig. 3 indicates the shift in the curves for 
a 10 per cent increase in unit fuel cost for the gas turbine. Such 
a condition of course adds an economic burden on the gas- 
turbine plant. 

Similar relations are established between the gas turbine and 
‘Diesel engine in Fig. 4, for 30, 50, and 70 per cent capacity factor. 
Since the gas turbine may burn cheaper oil than the Diesel, 
Fig. 5 shows the effect of gas-turbine unit fuel cost being 90 per 
cent of Diesel unit fuel cost. 

According to reported Swiss experience, the differential capital 
cost between Diesels and gas turbines is much greater than that 
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between steam and gas turbines. Assuming, for the purpose 
our example, that gas-turbine-plant investments are 75 per ceot 
Diesel-plant investments and that fuel costs are equal, some of t 
break-even points in terms of Diesel investments for 50 per ce 
capacity factor are $54 per kw with 30 cent fuel; $119 per k 
with 40-cent fuel; $189 per kw with 50-cent fuel. | 


EXTENDING AN ExisTING SYSTEM 


A somewhat different problem is involved when we consid 
an addition to an existing system, since it will be seen that tl 
ry 
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state of efficiency development of the system exercises a sub- 
'/stantial influence on the results. Assume that 10,000-kw capac- 
ity is to be added to a system with a 100,000-kw peak load and a 
‘load-duration curve as in Fig. 6. The existing system has 100,- 
000-kw capacity and the new unit is needed to re-establish a one- 
unit reserve. 

To illustrate the influence of system development, assume that 
three systems A, B, and C, are involved, each having a different 
Vheat-rate and ineveMiental-rate curve, as shown in Fig. 7. To 

bring the problem within reasonable rnite, and to simulate condi- 
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Next considered is the installation of a simple cycle 1100 F 
gas-turbine plant to act purely as a peak-load and stand-by plant. 
This requires only a few hours’ operation a year during the peak 
when it will generate 1752 megawatt-hours. The existing system 
drops an equivalent amount of generation at a high incremental 
heat rate, obtained from the system increment-rate curve, Fig. G 
corresponding to the averages for the 90 and 100-mw loads. 
Annual operating costs will then decrease as shown in item 17. 
These will be replaced by the new operating costs incurred by 
operating the gas-turbine peak load plant. The difference of 


tions encountered in an actual case, fuel cost and investment are 
not handled -as variables, as in the isolated-plant case, but are 
assumed. For further simplification, other operating costs are 
taken as a percentage of fuel cost. While ordinarily no definite 
physical relationship exists between these two cost groups, ex- 
perience indicates that under limited conditions such as main- 
tain here there tends to be a pemeianon for plants of equal 
capacity. ’ 

It should be clearly understood that the necessity for making 
‘assumptions as outlined definitely limits the conclusions drawn 
from this case to situations where the assumed figures are roughly 
applicable. The results of the comparison do show, however, 
certain relationships which are interesting and that will appear, 
altered in magnitude, in other generally similar comparisons. 

In studying the addition of a base-load steam plant, the first 
objective is to determine the reduction in operating cost of the 
'Jlexisting system caused by the new unit taking over its share of the 
load. Here the new unit is assumed to be fully loaded and availa- 
‘ble and on the line 90 per cent of the time, thus fixing its annual 
output in item 1, Table 2. The system average decrement rate 
comes from (1) ‘integrating the load-duration curve, Fig. 6, 
| with the system heat-rate curve, Fig. 7, and (2) subtracting from 
this the integration of the load curve minus 10,000 kw at all loads 
with the same heat-rate curves. Dividing the difference of 
these two integrations by 8760 hr X 10,000 kw gives the values 
jin item 2. 

Decrement fuel cost is the product of items 1 and 2. Decre- 


decrement fuel instead of 50 per cent since experience shows 
that incremental values are usually less than the ratio of total 
values on a system consisting of several units. Total reduction 
on costs of operating existing unit8 appears as item 5. Total 
generating cost of the new base-load steam plant (including 
carrying charges) is then subtracted from the existing system 
decrement costs to find the.savings resulting from installation of 
the new unit. For system A the considerable saving indicates 
the obsolescence of the existing equipment and shows that the 
new unit should be installed to improve over-all operating econ- 
lomy even if the additional capacity were not needed. For sys- 
tems B and C the negative savings indicate the cost of providing 
the reserve capacity by means of adding an efficient base-load 


plant. 


tment operating costs of item 3 are taken as 30 per cent of the 
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these costs, item 21, is the annual savings realized, excluding the 
gas-turbine carrying charges. Then, comparing the peak-load 
plant to the base-load steam plant, the difference of their annual 
savings, item 21 — item 11, gives the amount of money available 
for carrying charges on the peak-load gas-turbine plant. 

For system A this works out to give —$50 per kw justifiable in- 
vestment for the gas turbine. This means that besides being 
given the gas-turbine plant, the system would also have to be 
given $50 per kw of capacity to end up in the initial financial 
position. 

System B, however, could afford to pay $73 per kw for the 
gas turbine or about 56 per cent of the steam-plant cost, which 
rules out the gas-turbine peak-load application. In system C, 
which is highly developed with very efficient generating units, 
$140 per kw can be paid for the gas-turbine plant compared to 
$130 for the steam plant. In this system the gas-turbine peak- 
load plant is much better than a base-load steam plant. This 
brings out the point that peak-load plants can be applied profi- 
tably only to systems already operatiag at high levels of ef- 
ficiency. 

Finally, in Tablé 2, the application of a regenerative gas 
turbine is studied as a base-load plant. This is essentially the 
same problem as that worked out for the isolated plant, except 
here the plant is operated mostly at full capacity. In other 
words, the steam plant and gas turbine are directly compared to 
produce the same annual output. This comparison holds re- 
gardless of the remaining system characteristics, that is, whether 
they are applied to systems A, B, or C. An additional influence 
is studied here by assuming different levels of operating cost. 
These are computed with total gas-turbine operating cost equal- 
ing 1.4 and 1.3 times the fuel cost. 

These two ratios make the gas-turbine labor, repair, and sup- 
plies cost 90 and 68 per cent, respectively, of the comparable 
figures for-the steam plant. Again, both of these ratios are 
conservative reductions in favor of the gas turbine. The com- 
parable justified gas-turbine investments are then $119 and $135 
per kw, or 92 and 103 per cent of the steam-plant investment. 
Compared with 85 per cent from Swiss experience, the gas turbine 
seems favorable compared with steam in these conditions. 


TRANSMISSION-LINE BoosTER 


Instances will be found throughout the United States where 
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TABLE 2 


1. New base-load unit, annual output mwhr.........--+eeseere terres | 
2. Existing system average decrement heat rate... 1.1.1... secre eee sence 
3, Decrement annual fuel cost at 20¢ per 10° Btu. ........- eee eee ee eeee 
4. Decrement repairs, labor, supplies at 30% of fFuel.......--sesee serene 
5 


. Total annual decrement cost...........++ OT ro COURS OTOL! are 


New 800-psi 950-F Steam Plant, Base Loaded 
6. New station average heat rate, Btu per kwhr.... 05. e cere cece erences 
7. New station annual fuel cost at 20¢ per 10° Blu.........--- eee ree aees 
8. hlew station repairs, labor, supplies at 50% of fFuel.........--+2-e eee 
9. Annual investment charges at 12%.......- 0 we wleieinis oe sieie vlelsieis sie visieie 


10. Total new-station annual generating cost....... ccd hates pO ato te er eturers 
11. Net annual over-all savings. ....... ccc ce cece sec e ree eeeeeeeesceraee 


New 1100-F Peak-Load Gas-Turbine Plant 

12. New station average heat rate, Btu per kwhr... 1.0... cece eee e cece eee 

13. Existing system decrement heat rate, Btu perkwhr..........22..-0e0e 

14, New unit annual output, mwhr........ cece eee eee eect ee eee eeee 
' 15. Decrement annual fuel cost at 20¢-per 10° Btu... ......-..- sce ee eee 

16. Decrement repairs, labor, supplies at 30% of fuel........-. sees eeeees 


17. Total annual decrement cost........cccssesecencrcrssereeeressvens 


18. New station annual fuel cost at 20¢ per 10* Btu.............0.0 see eee 
19. New station repairs, labor, supplies at 30% of fuel..............000- 


20. New station annual operating Cost... ......e se cere cece tee ee eeseeees 


21. Net annual savings, excluding new investment charges..............05. 


22. Money available for gas-turbine investment charges, referred to steam plant 
Cite 21) —Citemidit)senr cts ete sce oteeictsieleta ote civ ccre stste e beeeeeee 
23. Justifiable gas-turbine investment compared to base-load steam plant at 
12%; DEN W CEDOCIEV: aioe. g ovore gy ore fouacel vies die eysielsivinne wets wlale alavereain s 


New 1100-F Regenerative Gas-Turbine Plant, Base Loaded 

24. New station average heat rate, Btu per kwhr........ 0.0 c secre cece 
25. New station annual fuel cost at 204 per 10° Btu............ eee e een ee 
26. New station repairs, labor, supplies at 40% of fuel 


27. Total new plant operating cost (1.4 X fuel cost).......-.eecceeeeceee 
28. Total new plant operating cost (1.3 X fuel cost). ..........0ece cece 


29. Money available for gas-turbine investment charges referred to steam plant 
CUtern 80) —C iter 2)7) ites Sais cviese acetone ot'b veiw aig owinle. seid dete oerereuniciers 
30. Money available for gas-turbine investment charges referred to steam plant 
Citemit0) Cte mi 2 ayer cs oc te cck cst saci ee eorelm ceed lsreniee 
31. Justifiable investment based on (29), per kw capacity................. 
32. Justifiable investment based on (30) per kw capacity...:............5- 


= 50 per cent 
System A System B System C 
78,840 78,840 78,840 
24,800 17,000 12,670 
$391,000 $268,000 $200,000 -| 
117,000 80,000 60,000 
$508,000 $348,000 $260,000 
11,600 
$183,000 
91,000 
156,000 
$430,000 $430,000 $430,000 
$ 78,000 —$ 82,000 e 73st 70,000° 
19,000 "49,000 19,000 
60,000 32,000 24,000 
1,752 1,752 1,752 
$21,000 $11,000 $8,400 
6,000 3,000 2,600 ° 
$27,000 “$14,000 $11,000 
$6,700 
2,000 
$ 8,700 $ 8,700 $ 8,700 
$18,300 $ 5,300 $ 2,300 
| 
— $59,700 $87,300 $172,300 = fi 
$50 $73 $144 
13,000 
$205,000 
82,000 
$287,000 $287,000 . $287,000 
$268,000 $268,000 $268,000 
$143,000 
$162,000 
$119 $119 $119 
$135 $135 $135 


local load centers at the present time can be fed only through 
long transmission lines because of lack of local water. Gas 
turbines serve such a situation admirably since they can do with- 
out water and are quick-starting. Generating capacity at the 
end of the lines aids in bettering voltage regulation and can serve 
as back-up capacity during transmission-line failure. Such 
capacity will also be available to the remainder of the system 
if it suffers a forced outage at some other time than when the 
local peak load occurs. 

Table 3 gives a quick idea of the financial advantages of in- 
stalling a 10,000-kw transmission line, plus a local. peak-load 
10,000-kw gas-turbine plant to serve a 20,000-kw peak-load de- 
mand having a 50 per cent load factor, as compared to pro- 
viding a 20,000-kw transmission line. The more costly the 
transmission line the greater the advantage that accrues to the 
gas-turbine scheme. Here 30 to 45 per cent more can be spent 
for a gas turbine than a steam plant whereas gas turbines proba- 
bly will cost less. 

Admittedly, the figures that are given in Tables 2 and 3 are 
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INSTALLATION OF ADDITIONAL 10,000-Kw UNIT ON EXISTING SYSTEM 


Comparison of peak-load and base-load gas turbine with base-load steam plant, system annual load factors 


speculative and rough, but they are of an order that is practical. 
Many related questions which must be answered for any actual 


system have not been touched. However, power-system de- || 


signers should give serious consideration to gas turbines. If they 
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do not, many good bets to achieve miaimum-cost power will be 


overlooked. 


INDUSTRIAL APPLICATIONS 
. 


In industrial-power applications, the plant must usually supply 
process heat as well as mechanical or electrical energy. In select- 


ing the plant the usual economic factors apply, but the effect | 
of the relationship between the two kinds of loads—heat and 
power—overrides to the extent that it largely determines the. 


nature of the plant selected. 
Any comparison of plants for industrial-power supply usually 
resolves into an examination of their ability to meet a variety 


of heat and power conditions. This test can be summed up in 


the answers to three questions: (1) Can the plant’s ratio of heat 


to power be altered readily by design, and to what extent? 


TABLE 3 


2. Local annual peak load, kw 
3. Transmission-line energy losses, percent 


. Allocated plant capacity, kw 
. Allocated plant investment at $130 per kw 
. Tieline investment 


14. Allocated steam-plant capacity, kw 


19. Supply from gas-turbine peak plant, kwhr 
20. Allocated steam-plant heat rate, Btu per kwhr 
21. Gas-turbine plant heat-rate, Btu per kwhr 


Annual total operating costs: 


25. Gas turbine at 1.4 X fuel cost 


29. Justified gas-turbine investment, dollars per kw 


(2) In an operating plant can the heat-power ratio be regulated 
readily to meet load fluctuations? (3) At what temperature 
level or levels is process heat available? 

Let us see how two currently popular types of plants measure 
up to these questions and how the answers. have influenced their 
: application. By appropriate combinations of extraction and 
‘iback-pressure turbines a wide range of heat-power ratios can be 
| obtained with steam plants, and suitable controls are available 
for readily adjusting the balance between heat and power. Heat 
in the form of steam can be provided at any level up to boiler 
conditions of, say, about 1000 F as an upper limit. The steam- 
turbine plant represents about the maximum in industrial- 
power versatility, but shows up best where the ratio of heat, to 
power is high. 

The Diesel plant produces shaft power at the highest efficiency, 
but its heat-producing possibilities are limited. Of the fuel input 
to a conventional engine, not more than 50 to 60 per cent is 
recoverable as heat even in theory, while ia practice the maximum 
recovery is much less. The heat-power ratio is more or less 
‘constant and cannot be altered readily in operation. Further- 
more, heat is available at relatively low levels. Jacket-water 
temperatures rarely exceed 180 F; exhaust temperature runs 
about 400 to 550 F for 2-cycle engines -and 650 to 800 F for 4- 
eycle engines. Hence Diesel plants find widest use where power 


1. Local annual energy requirements, 50% load factor, kwhr.... 


CC i i ir ay 


13. Total generation cost including transmisslon...... 


eens Cenc ee rare 


15. Allocated steam-plant investment at $130 per kw 
1G; sLletinevinvestment steis)a crest whee oso se ise elelerwlerers'« 


i i ac airy 


17. Total investment excluding gas-turbine plant..... 


seen veers eee recone 


18. Supply from tieline, kwhr...........--e ences 


22. Annual steam-plant fuel cost at 20¢ per 10° Btu* 
23. Annual gas-turbine plant fuel cost at 20¢ per 10° Btu 


24. Steam plant at 1.5 X fuel cost.............. 


26, Steam-plant and tieline investment camying charges..............+4. 


27, Generation cost excluding gas-turbine carrying charges 


~ 28, Money available for gas-turbine carrying charges 
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COMPARISON OF 20-Mw TIE-LINE SUPPLY WITH 10- -LIN ‘ 
MENTED BY 10-Mw-PEAK-LOAD GAS TURBINE AT LOCAL LOAD. CENTER : 


87,600,000 


eee ee ee eereas Ci Sei i ia ii ay 


Supply From Central-Station High-Pressure Steam Over 20-Mw Tieline 


. Transmission-line investment, dollars per kW......scceecccecccccucce 60 


22,000 
$2,860,000 
$1,200,000 


$2,860,000 
$ 800,000 


$3,660,000 
12,800 
$246,000 
$369,000 
$439,000 


$4,060,000 
12,800 
$246,000 
$369,000 
$487,000 


$808,000 $856,000 


Supply From 10-Mw Tieline Supplemented by 10-Mw Gas-Turbine Peak Plant 


11,000 


$1,430,000 
$ 400,000 


$1,830,000 


74,600,000 
13,000,000 
12,800 
19,000 


$210,000 
$ 50,000 


11,000 


$1,430,000 
$600,000 


$2,030,000 


74,600,000 
13,000,000 
12,800 
19,000 


$210,000 
$ 50,000 


$315,000 
$ 70,000 - 
$220,000 


$605,000 
$203,000 


$315,000 
$ 70,000 
$244,000 


$629,000 


$227,000 
189 


3 * Includes additional generation for 10% tieline energy loss 


requirements are high iu relation to heat requirements; in other 
words, where heat-power ratio is low. 

Comparatively little has been done to explore the possibilities 
of the gas turbine for industrial-power applications, but it seems 
likely to occupy a place somewhat between the steam-turbine and 
the Diesel-engine plant. Let us see in a qualitative way why this 
is so. 


Exuaust-Hrat RECOVERY 


The arrangement commonly. visualized for industrial power 
has a waste-heat boiler in place of the regenerator or in parallel 
with it. A series arrargement has also been suggested. Taking 
the simpler hookup first, Fig. 8, it can be seen that with a single- 
shaft plant, output control will be by temperature variation, with 
gas-flow rate essentially constant. As temperature varies with 
load, heat available in the exhaust will also vary with load. To 
this extent the situation closely parallels that encountered in 
Diesel plants, but with the exception that gas flow per kilowatt- 
hour is much higher, about 100 lb per kwhr for gas turbines 
against about 13 lb for Diesels. According to Pfenninger of 
Brown Boveri, about 12 lb of steam per kwhr can be produced by 
an arrangement similar to Fig. 8. 

The ratio of heat to power of this hookup cannot be altered to 
any appreciable extent by design, nor is it possible to meet 
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demand variations readily in operation. When power loads are 
high and steam loads low, the boiler can be by-passed, but little 
can be done to meet the reverse condition. It might be thought 
that the turbine could be by-passed or gas extracted from it after 
partial expansion, as in steam-turbine plants. But the high 
cost of compression work done on the gas before heating, makes 
this undesirable. The only other solution, equally applicable 
in Diesel plants, lies in fitting the boiler with auxiliary oil burners 
‘to operate when power loads are light and steam loads heavy. 
Since gas turbines employ very high excess-air ratios, sufficient 
oxygen will be available in the exhaust to support combustion. 

If the waste-heat boiler is in parallel with a regenerator, opera- 
tion at high power loads and low steam loads is more efficient, 
Fig. 9. A suitable valve setup divides gas flow between boiler 
and regenerator in accordance with steam-load variations so the 
plant always operates under the most favorable conditions. 
Choice between this hookup and Fig. 8 would depend on the 
value of the added efficiency at low heat-power ratios compared 


with the cost of the added equipment. 


Exhaust gas 


*Exhaust gos 


Woste heat,-> 


Me boiler- 


Fig. 8 


To improve part-load efficiency on small gas-turbine plants 
and to permit building plants of large total output without ex- 
ceeding economical and mechanical limitations in size of rotating 
parts, 2-shaft designs are used, Fig. 10. This practice allows 
control by gas-flow variation, with the temperature held essen- 
tially constant over a substantial part of the load range. For 
waste-heat recovery this plant offers the advantage that gas 
temperature at the waste-heat boiler is at a high level over a great 
part of the load range. Although not shown, the hookup using a 
regenerator in parallel applies equally well to 2-shaft designs. 

Industrial suitability of gas-turbine plants fitted for exhaust- 
heat recovery may be summarized as follows: (1) They are less 
flexible in design and operation than steam-turbine plants and 
not so well-suited for high heat-power ratios. (2) They are 
somewhat more flexible than the Diesel plant on both counts. 
In fact, they seem best suited for intermediate heat-power ratios. 
According to an analysis by Pfeaninger, Brown Boveri, a gas- 
turbine plant with waste-heat boiler compares with a back- 
pressure steam-turbine plant producing steam at 85 psig, as shown 
in Table 4. 


O 


TABLE 4 


Steam consumption for heating, Ib per kwhr 


Total thermal efficiency of plant, %: 
a. Gas turbine with waste-heat boiler 
b. Backpressure steam-turbine plant 
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Hicu-PressuRE STEAM | 

Most thinking about industrial-power gas turbines has-dez iL 
with heat recovery at the low end of the cycle. What are perhay® 6 
t 


more interesting possibilities lie at the high end. Fig. 11 shov 
production of high-pressure steam at the combustion chambe 
With forced-circulation “serigs’”’ design, superheated steam ¢ 
virtually any pressure and temperature could be generate¢ 
It then becomes possible to obtain any desired heat-power ratj 
from almost all power and no heat (the conventional gas-turbin 
plant) to all heat and little or no power (the Velox boiler, 
Absorption of heat at the combustion chamber reduces gai 
temperature at the turbine inlet, an operation normally done big) 
excess air. To protect heat-transfer surfaces, steam generatio} i 
could not be allowed to drop below a certain minimum flow. 

The principal problem in this arrangement lies in controllin | 
steam output to meet variations in demand for power and steam} 
While it is possible to visualize by-pass arrangements that woul ‘ 
either alter the effective heating surface or the gas flow over 


Fic. 10 
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Exhaust 


SERS 


Fie. 11 Fig. 12 


i 
fixed amount of surface, such schemes appear unnecessarily i 
complex. For simplicity; it might be better to generate steam) 
in accordance with whatever gas flow is required for shaft power, | 
and find some way to utilize excess steam in the cycle itself. 

In Fig. 12 part of the steam produced is diverted back into the] 
gas circuit and the turbine becomes a combired gas-vapor} 
machine. With normal expansion ratios this should involve no} 
moisture problem at the exhaust; the added working fluid in-. 
creases the shaft output. If steam is generated at a pressure 
above turbine throttle pressure, as is likely, an arrangement like }| 
that in Fig. 13 could be used. Here the excess steam expands. 


irst through a steam turbine, say, an impulse wheel, which ex- 
‘nausts to the gas-vapor turbine at its normal inlet pressure. 
jzoverning should be no more complex thaa that of the extraction- 
vondensing and back-pressure steam turbines now widely used. 

i) Generation of steam at the high end of the cycle might well be 
vombined with recovery of heat at the low end, leading to hookups 
‘ike that in Fig. 14 in which an economizer heats feedwater for 
iVihe steam-generating surface at the combustion chamber. 

i] 

i 


, Another interesting steam- and gas-turbine combination has 


ComBinep Arr-Steam PLANT 


e 
Z KEP steam 


Air Exhoust 


Fig. 14 


ioints out that steam boiler plants designed for exclusive supply 
f heat can be converted to highly economical plants for heat and 
‘ower by raising boiler pressure and temperature, and expanding 
he steam in a back-pressure turbine. He then shows that the 
haft power can be about doubled by addition of an air turbine 
nd its compressor, and that the increased fuel input required is 
Javorably utilized. 

As shown ia Fig. 15, a fuel-fired boiler supplies steam to a 
}iack-pressure turbine. Flue gas from the boiler first heats air 
or the turbine and then feedwater for the boiler. The air- 
urbine circuit starts with a compressor taking in freshair. After 
jir pressure has been raised, air flows through a regenerator, 
‘icking up heat from the turbine exhaust, and then flows through 
he flue-gas air heater. Heated pressure air then expands through 
e turbine, and flows through the regenerator to the boiler 
there it serves.as combustion air. Turbine output is sufficient 
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to drive the compressor and produce electrical energy to add to 
that generated by the back-pressure turbine. 

It is realized that these various gas-turbine industrial-plant 
hookups have been put forward without the exhaustive analysis 
required to establish fully their practical and economic feasibility. 
It is believed, however, that they indicate worth-while possibilities 
for the gas turbine in this field, and that they should be the sub- 
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bag een: 
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Woter process 
=> 
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ject of further study by gas-turbine engineers and power-plant 
designers. 


SPECIAL APPLICATIONS 


No discussion of the use of gas turbines in industry can afford 
to overlook a number of specialized applications such as the 
Houdry process and blast-furnace blowing. These have been 
well-covered in the literature, however, and it would be super- 
fluous to consider them in any detail here. In view of the tend- 
ency to speed reaction time of chemical processes by devices 
such as supercharging, it is likely that many other attractive 
possibilities for the gas turbine as a compressor will develop. 


CONCLUSION 


The foregoing makes it clear that in the gas turbine we have a 
prime mover of outstanding versatility that is already demon- 
strated by applications in virtually all fields, but not yet fully ex- 
plored in many. It seems reasonable to conclude that within 
the field of stationary power there are many applications to which 
the gas turbine is inherently suited if its many interesting charac- 
teristics are fully exploited. Furthermore, many of these possi- 
bilities can be realized with gas turbines of such conservative 
design that their production today on a fully commercial basis 
seems entirely justified. As technological advances remove 
present limitations on efficiency and fuel range, the field of ap- 
plication will widen. 

We should: remember, however, that, historically, no prime 
mover ever succeeds in fully supplanting others. Each tends to 
find its special place ia a world that finds ever larger and more 
far-reaching needs for stationary and propulsive power. 


Transmission Systems for Marine Propulsion 
Gas-Turbine Power Plants 


By W. E. HAMMOND,! WELLSVILLE, N. Y. 


The author discusses various transmission systems now 
available which might be used in connecting a gas-turbine 
power plant to the propeller of a merchant ship. The 
major problems to be met by any transmission system are 
' those relating to reversibility and maneuverability. It 
is concluded that alternating-current electric drive, me- 
| chanical reversing gears, and mechanical reduction gear 
with the controllable and reversible pitch propeller offer 
acceptable solutions to the problems. 


optimum efficiency at high rotative speeds while the charac- 
teristics of marine propellers require low rotative speeds for 
optimum efficiency, it is necessary to utilize a transmission system 
which permits both objectives to be realized for a successful 
‘marine application. Various types of transmission systems have 
been developed in connection with the application of the steam 
_ turbine to marine propulsion that are now commonplace. These 
systems have experienced long periods of development and have 
' encountered many difficulties in attaining their present position. 
In the case of the gas-turbine power plant it would appear de- 
sirable to review the present state of the art before outlining 
possible solutions to the particular problems introduced by the 
gas turbine. The gas-turbine power plant today is in an analo- 
gous position to the steam turbine before the start of the first 
world war. The particular problem to be faced in applying this 
prime mover to a ship lies with reversibility and maneuvera- 
bility. The path followed in the solution of this problem for the 
steam turbine is well known. Therefore it is well to consider now 
the various possibilities that are available as a general solution to 
the problem. In considering this question, it is essential that the 
ultimate benefit be evaluated in selecting a course of action rather 
than an immediate advantage. For the real advantages accruing 
from the introduction of the gas-turbine power plant can be com- 
pletely canceled by an unfortunate choice of transmission sys- 
tem. 
It is the purpose of this paper to discuss briefly the various 
transmission systems available today in order to determine which 


; oe CE the characteristics of turbine-type machinery provide 


might offer the most attractive prospects in connecting the gas © 


turbine to the marine propeller for merchant vessels. It is not 
- intended that a solution be established for every gas-turbine 
power-plant application but rather that a general solution be 
sought which has the widest application. It is recognized that 
certain special applications will involve special circumstances 
thus establishing a new evaluation problem. It is believed that 
these cases can be handled only on an individual basis. 


REQUIREMENTS oF A Marine TRANSMISSION SysTEM 


A marine transmission system must be capable of reducing the 
revolutions from those required by the prime mover to those re- 


1 Research Depa, The Air Preheater Corporation. 

Contributed by the Gas Turbine Power Division and presented 
at the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, of 
Tue American Society or MecHANICAL ENGINEERS. 

‘Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 47—A-69. 
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quired by the propeller. It must be reliable and simple in opera- 

tion within the capabilities of the crews that are available. The 

transmission losses should be a minimum. The first cost and 

maintenance cost should be commensurate with those of the 

prime mover so that the advantages of the prime mover will not 

be nullified by the transmission system. The weight and space 

required should also be commensurate with that required of the 

prime movers for the reason just given. If the torque character-. 
istics of the prime mover do not coincide with the requirements 

of the propeller for all conditions of operation, then the trans- 

mission system must be capable of adjustment to meet these re- 

quirements. If the prime mover is not reversible, then the trans- 
mission must provide this feature. Should it be possible accident- 
ally to disconnect the propeller from the prime mover while under 
load, it must be possible to re-establish the connection immedi- 
ately. If this cannot be accomplished, the consequences can be 
extremely serious and result in totally wrecked machinery. It is 
preferable that thg transmission system selected for merchant 
ships have a wide application to reduce development cost, sim- 
plify manning problems, and reduce maintenance. 

There are available today many arrangements of marine trans- 
mission systems in successful operation with steam turbines 
which may be applied to the gas turbine. However, there is one 
important difference in the two prime movers, ie., the steam 
turbine as it is known today is revefsible and the gas turbine is 
not. True, many suggestions and proposals have been made to 
provide areversible gas turbine, but to date such a machine has not 
been developed. In evaluating this factor, it should be apparent 
from the development of the reversible steam turbine that a num- 
ber of difficult problems must be solved and that possibly many 
of these will not be foreseen adequately. 

In any event, the following transmission systems at present 
available might be considered as possible solutions to the problem: 


1 Electric drive, direct current. 

2 Electric drive, alternating current. 

3 Mechanical geared drive with controllable-pitch propeller. 
4 Mechanical geared drive containing reversing features. 

5 Mechanical geared drive with reversing gas turbine. 


The foregoing list is not intended to be all-inclusive. 

It would be well to consider the various aspects of each trans- 
mission system as they are now known in order to evaluate the 
possibilities of each for use with the gas-turbine power plant. 


Exectric Drive—DirEect CURRENT 


The direct-current drive consists of one or more direct-cur- 
rent generators connected through control gear to a direct-current 
motor. The generator is generally of the separately excited type 
to provide variable-voltage control of the motor from standstill to 
rated speed. The motor commonly is of the compound type to 
provide high torque for stopping and reversing the vessel. The 
control gear consists of a lever for operating the forward, reverse, 
and dyrfamic braking contactors and to operate the field applica- _ - 
tion and generator excitation; another lever is provided to oper- 
ate the prime-mover governor; and a third lever for emergency 
stop. The control for the direct-current drive provides two means 
of propeller-speed control: (a) generator excitation providing 
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variable voltage to the propulsion motor when the prime mover is 
operating without speed change; and (b) governor control of the 
prime mover which controls the system voltage by speed without 
a change of generator excitation. Another means of speed con- 
trol may also be provided by motor field weakening. The control 
also provides an indication of motor horsepower, voltage, cur- 
rent, and motor and generator speed and temperature, Fig. 1. 
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This particular transmission system is in successful use in moder- 
ate numbers at the present time. It has been utilized prin- 
cipally with Diesel engines to provide rapid reversals (approxi- 
mately 15 sec from full ahead revolutions to ?/; rated revolutions 
astern) and also to permit adjustments in propeller speed so that 
the torque requirements are within the capabilities of the engine. 

The application of this drive to the gas-turbine power plant 

‘does not introduce any new problems of a serious nature provided 

the turbine is geared to the generator. If this is not done then 
either the turbine speed must be reduced or else development 
must be undertaken to permit direct-current generation to oper- 
ate at 4000 rpm. While there may be some engineers who are 
optimistic about the possibilities of so designing a generator, 
there are some serious problems connected with this develop- 
ment. In any event, there is scant background at present on 
which to base a decision in favor of this development. 

In regard to power range, the present design of this equipment 
is adequate for the range in shaft horsepower presently being con- 
sidered for the gas-turbine power plant. However, there appears 
to be some reason to question the application of this transmission 
system to large horsepowers for single units. Since a single unit 
is restricted to low-voltage design owing to commutation difficul- 
ties, its application to large powers results in large costly equip- 
ment. 

This system is extremely flexible and will lend itself to either 
series or parallel connection of multiple units so that relatively 
large horsepowers might be accommodated by existing gas-tur- 
bine designs. However, the series connection is preferable, since 
it permits relatively high voltage to be used and avoids the com- 
plication of para‘leling. Furthermore, it will function equally as 
well with any of the gas-turbine arrangements whether a separate 
power turbine is used or not since the torque requirement of the 
propeller may be adjusted to be within that of the prime mover. 

In regard to the installation of this transmission system, it will 
be noted from Table 1 that it does not compare very favorably 
with other systems in regard to weight and space, and, in fact, it 
reduces the advantages of the gas turbine with respect to these 
items. Further, the efficiency of this drive is about the lowest of 
all systems considered, as will be noted from Table 1. 


The first cost of this system is considerably higher than that o 
other drives which, coupled with its low efficiency, further handi 
caps the gains to be realized from the gas turbine. In additio 
the maintenance of direct-current machinery will exceed that fo 
the mechanical drives or the alternating-current systems. 

The operational features of this transmission system are accepta: 
ble in that the controls are relatively simple and reversing is | 
direct and positive. While there is always the possibility of disp | 
connecting the driven unit from the prime mover, it is not serious} 
since contact may be re-established readily if done immediately, 
Infinite speed control is readily obtained, and it is possible to ad | 
just the torque requirements of the propeller to remain within theq) 
capabilities of the prime mover. Further, this system can be usedff 
with pilothouse control if desired. ; 


Exvecrric DrivE—ALTERNATING CURRENT 


Inasmuch as the induction alternating-current drive has been} 
supplanted by synchronous alternating-current drive, the dis- 
cussion will be limited to this latter type. 

The synchronous electric drive is essentially a constant-ratio 
speed-reducing transmission as the output speed for continuousj) 
operation is always a constant ratio of the input speed. Conse 
quently, the synchronous electric drive in itself does not providelf} 
speed or power control and is dependent upon the speed controllj} 
of the prime mover to vary the speed of the propeller. The syn 4} 
chronous electric drive does provide means of coupling, reversing, |}} 
and vibration isolation independent of the direction of rotation} 
of the prime mover. An additional feature of the synchronous#} 
drive is its ability to provide electric power for auxiliary and portify 
applications. : } 

The synchronous electric drive consists of one or more syn- | 
chronous alternating-current generators connected through con-}}} 
trol gear to a synchronous alternating-current motor. The gener- i 
ator is provided with special field coils and exciter to permit}}} 
field forcing of the generator at subnormal frequency during in-}} 
duction operation of the synchronous motor while starting and|}j 
reversing the propeller. The salient-pole-type synchronous)f 
motor is provided with heavy copper squirrel-cage windings in}}} 
the pole faces to permit short-time operation as an induction }}} 
motor during propeller-shaft starting, stopping, and reversing. |} 
The control gear consists of a starting lever, governor-control 
lever, and emergency-stop lever. The starting lever operates the ih 
forward and reverse electrical phase contactors, the generator |}| 
field-forcing contacts, and dynamic braking when provided. The i 
governor control lever controls the speed of the propeller through ||} 
the governor in the prime mover and operates the generator and }} 
motor field rheostat for power-factor control. The emergency- ; 
stop lever operates to reduce quickly the speed of the prime ; 
mover. Supplementary control equipment to indicate motor || 
horsepower, speed, frequency, current, voltage, and to determine 
the temperature of the generator and motor is provided, Fig. 2. 

This transmission system has experienced wide service in the || 
marine field. Many merchant and naval vessels at present in | 
service are so equipped. Disregarding applications made during: 
the war for production reasons, this transmission is generally 
applied for the purpose of obtaining high economy at low power || 
operation and/or for application in which it is desired to utilize |) 
the main machinery for an auxiliary purpose such as operating || 
pumps on a tanker or dredge. 

The application of this type of transmission to the gas-turbine | 
power plant should not prove difficult for those gas-turbine ar- \ 
rangements whose torque characteristics approximate the steam || 
turbine. However, for some arrangements of gas-turbine power 
plants, the range of torque with revolutions is rather narrow and 
as a result, some difficulty might be experienced in matching the \) 
two characteristics. -Accordingly, the application of this trans- | 


45 


“uldi 06 9% 94819d0 s10j0ur ITV “S10}¥19U03 urd1-909g esn su9}sAs dys- I *Joaqu0d psads 
esey[OA-9]qBlIeA Buisn ‘doo] Selies @ UI pe}o9UUOD ‘1040Ur 9IN}BULIG-a]qnOop pe}.euUUOD-' pervas @ Jo sqysisuod (gq) Jomnjoeynusur Aq pesodoid salip yueLINd-JdeIIp oy, 
*S10JOUI UIdI-QO9 INO} pue¥ s10}e19UeT wd1-Q09 Ino} Zutaey Aq azayIp SUOT}BI[B4ISUT AYS-0006 pue QOO9 EYL “qyeys Jojedoid wid1-06 94} 0} poives are ‘wda1 OGL PU YORI Sz[OA ONO 9B po}eI OSTe ‘sI0JOU OM4 
OY} +S1vEes YANOIYY oUIqin}y 944 0} pajoouUOD ‘wd4 OGL pus TORS szyToA QO 3B poyeI su : 

~U09 SIOFOUL POIBIs PUL ‘S10{eIOUNS PaIvEs JO S}sISUOD (VW) Jomnqoejnueut Aq pesodoid aatip yuerano-j0011p aaL 


GAS-TURBINE PLANTS 


°d°d°o = IBO4) °pey 


HAMMOND—TRANSMISSION SYSTEMS FOR MARINE PROPULSION 


OOT ‘lbe 00S °602 6S%° 009°TE - 000 °9TS 000°6ST - 000°L9T 
(eutTqing Sutsteaces 10 J) 
og9 “Sez 00S °602 6S%° O9T ‘92 008 °T92 002‘T2 000 ‘0%2 ATUQ 2180p uoTzONpeYy 
00% °642 00S "602 6Sh° 006 °6E 000 °66E 000 °6ST 000°0%2 °d°d°d 1ven °pey 
— — — = — a — XOT WY Aty 
088°L62 000 °0%2 929° 088°Ls 00882 002°T2 00$°LSS q uf od 
00 °062 000° 22 62es° 00 °LF 00% °0LF 008°T2 OOT “6h Vv. n °Oa 
082 °0S2 000% TL2z er? 08°62 008°e62 008 ‘TZ 00$°2L2 q u “OV 
OL 62 000° 8T2 8LF° OSP°Ts 008 °FT¢ 008 °Tz 000°e62 V °435W “OV 
dHS 0006 (¢) 
002 °S9T 009 “6ST 6Sb° OOT °b2 000° Tz 000°LTT 000 °$2t (S2T = 3) ; 
(SLT = H) °d°d°d = Aven pe 
(eutqing Jutsreaesz 103) 
OFS ‘O9T 009 “6ST 6SP° 06602 00% 602 00 °LT 000° Z6T (SL = X) Ise °pey 
008 *OLT 009 “6ST 6SP° 006 %02 000 “60¢ 000°LTT 000 °26T (SL = MW) °d°d°g teen opey 
060 °L9T 008° 2FT 69%° O%2°b2 00% ° 22 00% °LT 000 °S2z °xeTA ITY 
O6T ‘202 009 °O9T 923° 069 °T? 006°ST? OOF LT 00S *S6¢ gq eer 
002 °S6T 00S *T9T Tes° 00L°S? 000°2¢¢ 006°LT 009 °6TS Vv aecod 
OFS SLT 003 “OST S6P° 00 °S2 00? “082 00%°AT 000°ET2 q coy. 
O68°TLT 008°LFT 9eh° 060 °%2. 006 °0be 00% °LT 00S °szz V CASK “OV 
, dHS 0009 (2) 
002 °S8 008°69 6Sb° 0$6°ST 009 “69ST 000°98 003 °Ss ($2T = ¥) 
, (947 = 9) °dedeg seen opoy 
(eutqing Zutszeses Ios) 
OLL°28 008°6S 697° 046 *2T 002 °62T 00L°ST 000°9TT (G4 = 3) ATUo s1BeH cpey 
000 “06 008°69 6SF° 002°02 000°202 000°98 000°9TT (SE =) °d°geg seen opoy 
042°S8 008 °TL 697° OL6°ST 004 “68ST 00L°ST 000°92T (S$2T = Mw) 
(SLT = ¥) Xd Aty atvepn caay 
006 ‘ 80T 008°08 Te3° O2T°82 002°T82 002 °ST 003 °L92 Caen 
O6L*TOT 006 °08 ees° 068°0O? 006° 802 00L°STt 000 °S6T Vv. “5a 
OLS ‘°T6 00S °92 0S° 040 °ST 00L°OST OOL ET 000°2LET G2 OV 
09°26 099 °Sz 86F° OTL *9T OOT°L9T OOL*ST OOF SST VA2IH OV 
: . dHS 0008 (T) 
4809 °45/98090 oan /ans / YOT 4809 teTTodoag 3809 
ATIBAX TBE °O ow gar! ctk/seZreug pextd T8430] % BuTyzzuyg oTmoNODY 


SWALSAS NOISSINSNVUL SQNOIUVA HOU SLNAWAYINOAY LHOIAM ANY ‘AOVdS ‘“LSOO LSU ‘AONGIOMAL TO NOSIUVdWNOO 1 ATE 


46 


ms — a 
DIESEL GEN 


DIESEL GEN 


EXCITERS 


[J EMG GAS TURBINE 
GEN 


CONTROL PANEL 


PROP SHAFT 


1, /— 
MOTOR ROOM ENGINE ROOM | 
hs 25FT = 58 FT 


Fic. 2 Brocx-MacHineRY ARRANGEMENT OF A DirEcT-CONNECTED 
ALTERNATING-CURRENT SYSTEM 


(This system has the generator direct-connected to the prime mover and the 
propulsion motor direct-connected to the propeller.) 


mission must depend upon the type of gas-turbine power plant 
under consideration. 

Regarding the power range of this equipment, nothing need be 
feared, since the present practice includes units well in excess of 
any size likely to be considered for the gas-turbine power plant. 
Furthermore, this transmission adequately lends itself to the use 
of multidrive units. In other words, several small units may be 
coupled electrically to a given motor in order to achieve the de- 
sired output. However, it must be remembered that multidrive 
units require parallel operation, which adds to control complica- 
tions. In this respect it is not as simple as a series-connected 
multidrive direct-current system. The alternating-current sys- 
tem, when used with multiple generators, does not permit the full 
power of the connected generators to be used when one or more 
generators are taken off the line. 

There may be a limitation in the use of this transmission system 
with some arrangements of gas-turbine power plants. In particu- 
Jar, for those arrangements not containing a separate turbine 
for power output, it is practically impossible to meet the mini- 
mum speed and torque requirement (approximately 150 per cent 
torque at 25 per cent speed) for maneuvering, and difficulty may 
be experienced further in meeting the torque requirements of the 
propeller, particularly under foul bottom conditions with high 
inlet temperatures, Fig. 3. 

In so far as arrangement is concerned, this transmission does 
not impose any special difficulties. However, the control equip- 
ment required is generally rather large and occupies considerable 
space. The weight of this transmission is appreciably less than 
direct-current equipment and compares favorably with the 
mechanical drives, Table 1. 

Considering efficiency, this transmission system has an ad- 
vantage over the direct-current system, but it is still below that 
obtained with mechanical drive, Table 1. This loss of efficiency 
in the transmission system obviously reduces the advantages of 
the gas-turbine application. 

The first cost of this system is lower than the mechanical drive 
with a controllable-pitch propeller, but, when coupled with a lower 
operating efficiency, its operating cost, including fixed charges, 
is about the same as the mechanical drive. - 

The operational features of the alternating-current transmis- 
sion system involving synchronous motors need to be considered 
carefully. This type is rather slow in maneuvering (60 to 90 sec 
from full ahead revolutions to 2/; rated astern revolutions), and 
particular care must be taken in determining the torque charac- 
teristics of the propeller for the particular ship under considera- 
tion, Figs. 4 and 5 indicate the variation between the predicted 
value and the measured value of the torque required to reverse 
two particular vessels. Comparison of these curves also gives 
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some idea of the variation in characteristics between vessd{j 
Further, speed control below 20 per cent is generally not possilf} 
with this system. Another consideration which must be evaluff 
ted is the possibility of accidentally disconnecting the motor frdf 
the generator while under load. Of course the governor shoul} 
provide for this eventuality but experience has demonstrated th 
such things do happen in spite of the automatic safeguards. Iti} 
then impossible to reconnect the motor to the line under thal 
circumstances so that the power plant would be destroyed. T i } 
condition occurred a number of times during the recent war, ar 

while the source of the difficulties was located, it is too serio i 
possibility to be ignored. Another factor which must be evaluif 
ted in considering this system is the maintenance of the contra} 
It is extremely difficult to obtain ship crews which are qualified j} 
the operation and maintenance of this equipment so that rathe 
high control maintenance may be expected. 


if 
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MecwanicaL Grars Wits A CONTROLLABLE AND RpversrBi. 
Prrcnw PROPELLER 


This transmission system consists of the usual marine mechan! 
cal reduction gear, at present used with steam turbines, couple 
with a controllable and reversible pitch propeller. The primar 
function of the propeller is to reverse the vessel although the co 
trollable-pitch feature will also provide infinite speed variatio 
from zero to maximum revolutions ahead and astern. This pe 
mits adjustment of the torque requirements of the propeller t: 
match the characteristic provided by the machinery for any an 
all conditions that are encountered in service. 

One type of controllable and reversible pitch propeller rotate 
the blades through a crank arrangement in the hub. The crank 
are operated througha piston rodand crosshead by a servomotor lo 
cated in the line shaft. Pressure is supplied to the servomoto 
through a distributor valve by a pressure tank which is charge 
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iperating the system if the pressure tank is empty. Fig. 6 shows 
ii installation on the motorship Single Hitch. 

i) This system is operated by a combination of pneumatic, hy- 
iivaulic, and direct acting forces. From the engine room the con- 
drol lever operates an oil control valve by means of compressed 
ir. This valve determines the position of a servomotor piston 
ocated within a section of hollow line shafting by directing low- 
yressure oil to one or the other of its sides. The piston is con- 
jected to the propeller blades, so that any movement of the piston 
; transmitted to the blades, changing their pitch angle. In this 
jay the propeller pitch is regulated quickly and accurately from 
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the control station in the engine room The pneumatic control 
system is operated by compressed air of 100 psi furnished by the 
ship’s service compressor. If a breakdown should occur, the 
servomotor piston can be actuated by using a manual control 
valve. 

The hydraulic operating mechanism is entirely in the shaft 
alley. The aft section of line shafting is hollow, and includes a 
servomotor built into its forward end. It is coupled to a hollow 
tail shaft, which is connected to the propeller hub. Within these 
hollow shafts, and extending the whole length, is a piston rod 
which is free to move longitudinally. The rod is connected at the 
forward end to the servomotor piston, and at the aft end to a 
crosshead in the propeller hub. . 
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Low-pressure oil is supplied by a system consisting of a Pressure 
tank and two motor-driven oil pumps. Oil from the tank is piped 
to a distributor fitted around the hollow line shaft. From there 
it passes through passages in the shaft to either side of the servo- 
motor piston. Oil pressure in the tank is maintained between 300 
to 330 psi by automatic loading valves. This insures sufficient 
pressure available at the servomotor to meet all demands of the 
propeller. If failure should develop in the hydraulic pressure 
system, the servomotor piston can be moved by a hand pump, 
and then mechanically locked into position. 

The propeller consists of three detachable blades keyed to 
cranks which are linked to the crosshead in the hub. Sealing 
rings are used to prevent in-leakage of sea water. To further 
insure water from entering the hub, and to provide lubrication 
for the blade spindle bearings, the hub is kept full of lubricating 
oil. The oil is led from a gravity tank to the oil distributor, 
through ports in the shaft to the space between the shaft bore and 
the piston rod. The oil head is always greater than the water 
head. ; 

While the controllable and reversible pitch propeller is a com- 
parative newcomer to the marine field in this country, there is 
ample background upon which its performance and reliability 
may be judged. A number of installations have been made in 
Europe of which Escher Wyss has made approximately 35 and 
Kamewa about 70. Further, a large number of Kaplan type 
water turbines, which for all practical purposes duplicate the 
function of the controllable-pitch propeller, have been used both 
in this country and abroad. fn fact, 156 units have been installed 
here with wheel diameters ranging up to 24 ft 4 in. diam for 
55,000 shp. In addition, there have been 6 large marine propeller 
installations made in this country in addition to about 1100 
landing-boat applications. 

One of the marine installations in this country was made by the 
U.S. Maritime Commission in the motorship Single Hitch. The 
primary purpose of this installation was to obtain firsthand ex- 
perience to guide the application of this propeller to the gas- 
turbine power-plant installations that the Commission was con- 
sidering. The results were very satisfactory and confirmed the 
expectations that the application of this propeller was feasible. 
It might be well to mention that the motorship Single Hitch is a 
C1-M-AV1 design powered by a 1700-shp Diesel engine operating 
at 180 rpm. The propeller is three-bladed with a diameter of 11 
ft. The pitch is variable from 7.9 ft astern to 8.8 ft ahead with 
normal ahead pitch at 6.75 feet. 

While the largest marine propeller of the controllable and re- 
versible design that has been built to date is 14 ft 9 in. diam and 
3500 hp, there is every reason to believe that in so far as mer- 
chant-ship designs are concerned, the limitation on diameter and 
power will be the same as are experienced with fixed-pitch pro- 
pellers. The basis for this statement lies in the fact that the 
Kaplan turbines have been in successful operation in much larger 
sizes than would be encountered in marine propeller design. In 
addition, Kamewa has a 17-ft-diam controllable and reversible- 
pitch propeller for 7500 shp under construction, and 8. Morgan 
Smith has a 17-ft-diam,controllable and reversible-pitch pro- 
peller for 3000 shp also under construction. 

However, there is one precaution that should be observed in 
the application of the controllable and reversible propeller. In 
view of the fact that a major component of the total force acting 
on the blades is centrifugal force, it is important to weigh care; 
fully the revolutions when large diameters are considered, 

Examination of the design and installation of the controllable 
and reversible pitch propeller in the Single Hitch will indicate that 
there were no design problems excepting those immediately as- 
sociated with the propeller and its mechanisms. Further, it will 
be observed that there was considerable design precedent for all 
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aspects of the propeller design. If the shaft gland in the distri 
tor which seals against the pressure of the servomotor syste 
considered it will be found that this gland has been used in 
Kaplan turbine practice for a number of years with satisfact 
results. The application of this gland to the installation abo 
the vessel introduces nothing basically different from its appli 
tion to the Kaplan turbine. 
Consider the servomotor and its supply system. The syst 
consists of a pressure tank charged by a continuously runn 
pump with the appropriate valves responding to tank pressure i" 
direct the pump discharge to the tank or the sump as the occasi iy 
requires. This system is standard for a number of applicatia| ip 
used on board.ship 6r ashore. Its application to the controllakiii 
and reversible pitch propeller did not involve any particu 
problems. All of the foregoing has been demonstrated in the 
stallation aboard the Single Hitch. Of course it is expected |i 
any initial installation that certain difficulties will be experience? 
Further, it is almost a certainty that the difficulties encou I) 
ered will concern that portion of the design which is consider 
In this respect, the motorship Single Hit#jr 
was no exception, and certain minor difficulties were experience}! 
when the system was first put into service. i 
The first.mishap concerned the setting of the tank pressuil i 
valve. The valve permitted the tank pressure to reach too low\#): 
value before recharging. This was easily remedied. The newpi 
difficulty resulted from a failure of the intercooling coil on t 1 
ship air compressor (which was not a part of the propeller installs : 
tion). This flooded the pneumatic control system and interfere 
with the propeller response. It also was easily detected and reme 
died. The final incident that occurred concerned operatiojfij 
with the propeller mechanically locked in position. The firs it 
operator of the vessel ordered the propeller to be locked in a fixelf} 
position and in so doing did not provide adequate lubrication} 
While this resulted in damage to the distributor packing, no funfi 
ther packing difficulties have been experienced. 
All these mishaps occurred shortly after the vessel was place i 
in service, and all were easily remedied. There have been né 
further difficulties with this installation which has now had 14] 
months of service. During a routine dry-docking period the proj} 
peller has been inspected and found to be in excellent condition i 
Furthermore, there is every assurance from the present perform: | 


i) 
the maintenance will be minor. It might be well at this point tl 
discuss the criticism which is made concerning the unattractive4) 
ness of this propeller due to the “complicated mechanism” in the}: 
hub which cannot be inspected or maintained without dry-dock-} 
ing the vessel. 

Actually, the hub mechanism can hardly be classed as com-} 
plicated since it consists of nothing more than a crank arrange 
ment for rotating the blades. Further, the importance of ready} 
inspection rests with the necessity for the inspection. To date 
there has not been any cause in the installation of the Single 
Hitch to require inspection of the hub. In fact, early Swedish} 
experience indicates that in severe ice conditions when damage} 
occurs to the hub gear, the blades, propeller shaft, and hull were| 
also badly defoymed. On a more recent Swedish design: the pro-| 
peller grounded at full speed resulting in serious blade and shaft 
damage but with no damage to the hub gear. 

While the use of this transmission system involving mechanical 
gears and a controllable and reversible propeller does not lend. 
itself to the use of large numbers of multiple-drive units, it can be 
used with multiple-drive units not exceeding four in number for 
each shaft. Furthermore, this system of transmission is suitable 
for any gas-turbine arrangement proposed so far, i.e., whether a 
separate power turbine is provided or whether the power turbine 
also furnishes the compressor power. 


° 


‘In regard to arrangement, this system is practically identical 
‘vith the mechanical geared system used with the steam turbine. 
‘The controllable and reversible propeller and its shafting are 
)eavier, however, than a fixed-pitch propeller and its shafting so 
‘Yhat in the higher horsepower ranges an increase in weight must 
e accepted. 

In considering the efficiency of this system, there is no need to 
Veview the efficiency of mechanical reduction gears which are well 
‘istablished. Therefore the only element about which any con- 
i] oversy might originate is the controllable and reversible pitch 
‘oropeller. Considerable comment has already been made indicat- 
og that the controllable and reversible pitch propeller would have 
thn efficiency appreciably below that of a conventional fixed-pitch 
ropeller. In fact, some writers have indicated that this reduc- 
‘lion in efficiency might approach 6 per cent. It is possible that 
ithose making these claims were considering the open water effi- 
“iency only which does decrease with increase in hub size. How- 
liver, the propulsive coefficient, which, after all, is the only im- 
‘portant factor, does not decrease with increases in hub size within 
lteasonable limits on single-screw vessels. It cannot yet be de- 
'ermined whether this will also apply to twin-screw installations. 

dowever, there is reason to believe that the large hub might re- 
itluce the efficiency on twin-screw applications but not to a serious 
iyxtent. Of course it is important that adequate fairing of the 
itern, propeller hub, fairwater, and rudder be provided. A pro- 
ibeller was designed and -tested by the Maritime Commission in 

942, with two different hubs, one being 3.97 ft (hub ratio 0.183) 
tind the other 5.67 ft in diameter (hub ratio 0.261). The propul- 
isive efficiency was ostensibly the same in both cases, although the 
itarge hub showed slightly greater efficiency (see Fig. 7). Further, 
ihe controllable and reversible pitch propeller on the Single Hitch 
had a hub diameter of 3 ft (hub ratio 0.273), as compared to a 
iliameter 2.17 ft (hub ratio 0.197) for the fixed-pitch propellers 
tused in the other vessels of this design. Model tests of this vessel 

dicated that the controllable and reversible pitch propeller was 
slightly more efficient at the design condition than the fixed-pitch 
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propeller (see Fig. 7). On trials it will be noted that it was pos- 
sible to make a greater speed for the same shaft horsepower with | 
the controllable and reversible-pitch propeller than with the fixed- 
pitch propeller (see Figs. 8 and 9). 

Another question that has been raised concerns the ability of 
the controllable and reversible pitch propeller to stop and reverse 
the vessel. The test and trials of the Single Hitch demonstrated 
that this propeller provides the fastest maneuvering time yet to be 
achieved on a marine drive; less than 8 sec from full ahead pitch 
at design revolutions to full astern pitch. This has been substan- 
tiated by the operator of the vessel during the 18 months the 
vessel has been in service. 

It has been claimed that the efficiency of a controllable pitch 
propeller will rapidly fall off as the blade is twisted owing to un- 
favorable pitch distribution. However, results of full-scale trials 
indicate that pitch reductions of 30 per cent below design pitch 
gave efficiencies comparable to calculated efficiencies for fixed- 
pitch propellers. In addition, dead-pull astern tests with the pitch 
reversed showed equal or better pull than with a comparable 
constant-pitch propeller. 

Furthermore, the controllable pitch propeller permits the 
torque characteristics to be adjusted to meet the capabilities of 
the prime mover for any and all conditions of service operation. 
This is particularly advantageous with the gas turbine should it 


TABLE 2 ECONOMIC EVALUATION FROM VARIOUS MODES, OF TRANSMISSION 
Factors CONSIDERED IN EVALUATION 


Approxe - Total 
Eff. Volo Wt wt/HP = Total Cost/HP 
: Cuo Fto Lbs. Lbso Cost 
1) 3000 SHP 
AC Drive (mfg A) 9008 2370. 158,800 653.00 $167,100 $55.7 
AC Drive (mfg B) 8904 2370 158,700 53.0 150, 700 5002 
DC Drive (mfg A) 8406 2500 192,300 6400 208 » 900, 6908 
DC Drive (mfg B) 8408 2500 271,300 9006 281,200° 9307 
Gont. Pitch Prop. (K = 75) 98 1000 161,000 5307 202,000 6704 
Cont. Piteh Prop. (K = 175) 98 700 138,000 4404 159,500 5302 
Reduot. Gear (K = 75) 98 800 115,000 38.4 129, 700 432 
Reversing Gear (K = 175) 96 1000 122,000 40.8 i39, 700 46.6 
(2) 6000 SEP 
AC Drive (mfg A) 92.8 3360 233,200 38.8 $240,900 $40.2 
AC Drive (mfg B) 9009 3360 226,700 37.8 230,400 38 04 
DC Drive (mfg A) 8407 3640 320,700 58.5 337,000 56.0 
DC Drive (mfg B) 8508 3640 448,700 7407 415,900 6902 
Cont. Pitch Propo (K =.75) 98 1600 235,000 3902 309,000 51.5 
Cont. Pitch Propo (K = 175) 98 1100 182,000 30.4 241,000 402 
Reduct. Gear (K = 75) 98 1400 184,000 30.8 209,400 34.8 
Reversing Gear (K = 175). 96 1600 135,000 22.5 242,400 40.3 
(3) 9000 sHP 
AC Drive (mfg A) 9401 5345 305,000 33.8 $314,300 
AC Drive (mfg B) 9209 5345 294,500 32.8 posed i 
DC Drive (mfg A) 85.0 6180 450,500 5000 470,400 5202 
DC Drive (mfg B) 8505 6180 633,500 7006 578 5800 6402 
Gont. Pitoh Prop. (K = 75) 98 2300 320,000 365.5 399,000 444 
Cont. Pitch Prop. (K =175) 98 1900 247,000 2704 316,000 3302 
Reduct. Gear (K = 75) 98 2100 241,500 26.8 261,300 29.0 
Reversing Gear (K = 175) No information available 


Foundation costs of respective drives have not been considered 

Bixed char i 
xas-turbine fuel rate held constant at 0.45 lb per shp-hr f r 

Diesel fuel oil at $3.04 per bbl (New York) Weed ebb: Be Sep St Soden 


CONOR WNHHe 


The costs in the first column include the cost of thrust bearing 
Nores: ; 
(a) The alternating-current drive has direct-connected 
(b) The direct-current drive, manufacturer (A) has ge 


ler at 90 rpm. System uses series loop and variable-voltage control. 


(c) The direct-current drive, manufacturer (B) has 750 or 900-rpm generators at 600 vol 
two armatures are in tandem at 600 volts each. _ 


are 600-volt direct-connected to propeller; 
control. 
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(see Fig..3), or it may be used to compensate for reduction 
power due to increases in inlet temperature. In this respect, it 
comparable in flexibility to the direct-current electric-transm 
sion system. 

While the first cost of this transmission system is higher thag) 
that of alternating-current electric drive due to higher propell¢ 
cost, its higher efficiency offsets this, so that the operating coy 
per year is one of the lowest of all drives considered (see Table 
Further, the cost of the controllable and reversible pitch propellefy 
is based upon rather limited production and application. Therg 
is every reason to expect a reduction in the cost of this iter) 
as its use increases which will further improve its competiti 
position. a) | 

The control offered by this transmission system is probably thy 
simplest of all the systems considered. All maneuvering is conf) 
trolled by a single lever operating the pitch of the propeller blades#} 
This provides both directional control as well as speed control 
However, operation at reduced powers for long periods should b 
obtained by changing the prime-mover speed with the propelle; 
at designed pitch for best efficiency. Those installations that car 
benefit by pilot-house control can readily be accomodated by thi 
system. A block arrangement of this system is shown in Fi 
10. . 
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This type of transmission was first used on the towboat Bull 
‘Calf in 1939. It was also used by the U. 8. Navy during the war 
in connection with nonreversing Diesel engines. Approximately 
3000 units were installed ranging from 750 to 1600 shp per unit. 
It is understood that the operation has been very satisfactory and 
‘no particular difficulties have been encountered. 

This transmission consists of a combination of gears and 
‘clutches which can effect the transfer of power with rotation in 
either direction to a propeller from a prime mover which is not 
reversible. : ' 

The airflex clutch used in this arrangement can be described 
‘briefly as comprising two concentric rotating elements, one the 
driven member and the other the driving member. Disposed 
)}radiaily between the two members is an inflatable element at- 
tached to the driving member which serves functionally to en- 
gage the driven member when inflated. 

Reduction in speed from the turbine to the propeller is accom- 
| plished by a double-reduction-gear assembly. In its simplest 
form the turbine pinion drives one of two first gears arranged and 
meshed to form a gear train wherein the first or driven gear ro- 
| tates in one direction and the second rotates in a direction counter 
to that of the first. Each of the first gears is coupled to one of two 
second-pinion gears by means of an.airflex coupling. All second 
pinions are in mesh with the periphery of a bull gear direct-con- 
nected to the propeller shaft. It is the provision of couplings 
which makes possible the selection of direction in which the pro- 
peller shall rotate and it is accomplished by inflation of one or the 
other of the couplings (see Fig. 11). 

A specific application of this drive to a power plant delivering 
3000 hp will require a modified form of the system. Because of 
the limitations in power which can be handled by couplings of the 
} airflex type, four should be used, two for forward and two for re- 
verse. Also, instead of two first gears there should be four, and 
} also four of the second-pinion gears. To reduce the space re- 
quirements for such a gear assembly the four couplings would 
probably be arranged on one side of the bull gear and the first 
gears on the opposite side. The second-pinion gears would be 


means of a hollow shaft and the first gears connected to the inner 
member of the clutch by means of a shaft extending through the 
hollow shaft of the second pinion. With the four first gears in a 
train, the first and third would operate in the same direction, 
whereas the second and fourth would rotate counter to the first 
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direct-connected to the outer portion of the airflex clutch by, 
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Fie. 11 Brock Macurnery ARRANGEMENT UTILIzING AN AIR- 
' CiutcH ReverRsING-GEAR SYSTEM 
and third. To propel the ship forward it is necessary to inflate 


the airflex clutches corresponding to first and third gears only, 
and for reverse the clutches for second and fourth gears must be 
inflated, with the other two deflated. 

The present experience with this transmission concerns rela- 
tively low-speed application so that some design modification 
may be necessary to adapt this transmission to the higher speed 
required by a gas-turbine application. The reason for this de- 
velopment lies with the effect of centrifugal force on the airflex- 
gland contact. Previous designs in which a constricting gland 
was used, i.e., the gland gripped the shaft externally, was subject: 
to reduced contact pressure due to the centrifugal force at high 
rotative speed. Another arrangement involves the use of an ex- 
panding gland so that centrifugal force will assist the contact; 
however, there are some questions as to the ability of this type to 
declutch without reducing speed. Another method concerns the 
adoption of a radial contact so that the gland contact will not be 
affected by centrifugal force. 

A 3000-hp unit represents the highest horsepower and revolu- 
tions for which this type of transmission has been considered. 
However, the manufacturer advises that several studies have 
been made for possible application at 6000 shp, which indicate 
that no unusual difficulties need be expected. Accordingly, it 
would appear that the upper range of this transmission system 
cannot be established for the present. 

If we accept the maneuverability of the present steam-turbine 
propulsion plants as a minimum standard, then the application 
of this transmission system should be restricted to those gas- 
turbine arrangements in which the compressors are driven in- 
dependently from the power turbine. It will be noted from Fig. 3 
that for those gas-turbine arrangements in which the power tur- 
bines also drive ‘a compressor, the vessel will have a minimum 


“speed in excess of 50 per cent of full speed. Further, since the 


torque available with this last turbine*arrangement diminishes 
sharply with revolutions, the accelerations ahead and astern will 
be less than is possible with the present steam-turbine drives. 

In so far as the arrangement weight and space requirements 
are concerned, this transmission system is the lightest considered, 
although it is based upon a K factor of 175 for the first reduction 
and 125 for the second reduction. Further, the gear was based 
upon a turbine speed of 4000 rpm. : 

Where this transmission system is used with a separate power 
turbine, the characteristics of the drive will be the same as the 
prime mover. The reversing time should be rapid and can prob- 
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ably be made at full revolutions if a suitable interlock is provided 
to reduce the fuel during the interval when one gland is emptying 
and the other gland is filling. With this interlock a single control 
lever may be used for reversing operations. Speed changes of 
course are made by changing turbine speed. 


REVERSING-GAS-TURBINE PowER PLANT 


The possibility of achieving a satisfactory reversing-gas-tur- 
bine power plant appears very improbable at this time. Further- 
more, there is considerable doubt that development in this direc- 
tion would be warranted. Normal development of the gas turbine 
for use ashore will be restricted to a unidirectional gas tur- 
bine. Therefore it is apparent that all development on a revers- 
ing gas turbine must be supported by the marine application. 
Consequently, it does not appear sound economically to add fur- 
ther cost to a product which today cannot be economically justi- 
fied. Further, any application of a reversing gas turbine can be 
made only on an arrangement containing a separate power turbine, 
since those arrangements in which the power turbine also drives 
a compressor cannot produce the torque-revolution relationships 
necessary to reverse a ship. This further restricts the application 
of the reversing gas turbine so that the development cost cannot 
be spread over all the possible marine applications. 

In evaluating the possibilities of developing a reversing-gas- 
turbine power plant, there is practically no experience upon which 
to plan other than that of the steam turbine, and several aspects 
of the gas turbine indicate that this experience would uot be of 
major assistance. The fact that the windage losses in the ahead 
sections or elements when going astern are so much higher than 
those experienced in the steam turbine due to a twentyfold in- 
crease in density, will require a new cooling concept. In addition, 
thermal shock of the astern turbine would have to be considered 
carefully in determining the rapidity at which it could be brought 
to power. This last item, coupled with the heating of the astern 
elements when going ahead, would indicate that the astern ele- 
ment would have to be maintained at operating temperature at all 
times either by heating or cooling as the operating conditions re- 
quired. Cooling of the astern element when going ahead could be 
obviated by a declutching arrangement. 

A novel method of reversing the gas-turbine power plant hasbeen 
outlined by-R. Tom Sawyer,? Gas Turbine Construction, Pren- 
tice Hall, Inc., 1947. This system consists of a compressor turbine 
and a power turbine. The arrangement provides for the power 
turbine and compressor turbine to be in line and connected by an 
electric coupling which is not energized when going ahead. Fur- 
ther, the rotation of the compressor turbine is the reverse of the 
power turbine. To reverse this machine the power turbine is 
by-passed and the electric coupling is energized, thus permitting 
the compressor turbine to drive the propeller in the reverse direc- 
tion through the power turbine (see Fig. 12). 

This arrangement appears to solve the question of thermal 
shock since the compressor turbine is at operating speed and tem- 
perature. However, careful study will indicate that the excess of 
power developed by the compressor turbine due to the lower back 
pressure will not be sufficient to provide adequate astern power or 
torque, so that it will be necessary to design the compressor tur- 
bine with excess capacity over the compressor load iftacceptable 
maneuvering characteristics are to be obtained. Thus in normal 
operation this compressor turbine, operating at partial load, will 
have a lower efficiency than could normally be obtained. Fur- 
ther, this lower efficiency applies to the largest power component, 
of the plant which will affect seriously the normal fuel rate of this 
arrangement: In addition, it will be necessary to raise the operat- 


2 “The Modern Gas Turbine,” by R. Tom Sawyer, second edition, 
Prentice Hall, Inc., New York, N. Y., 1947. 
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ing temperature of this turbine suddenly when reversing so th 
thermal shock will still be a consideration. 

Another aspect of this problem lies with the construction of af] 
electric coupling suitable for the high rotative speeds required 
the gas-turbine application. Present experience on these cou 
lings has been obtained in Diesel-engine application at low rot 
tive speeds. To apply this coupling to high rotative speeds wi 
require new designs based upon induction-generator practic 
using small diameters and long rotors. This will add materia. 
to the cost of the coupling and complicate the arrangement prok 
lem by lengthening the unit. i 

Electric couplings that have been used in marine service to da i i 
have required that the engine be brought to minimum speed whe} 
the coupling is excited during reversals and then accelerated at |} 
moderate rate. This was necessary in order to avoid damage dui} 
to coupling heating at high slips. Obviously, such a proceduriij 
could not be followed in this gas-turbine application since in th ily 
case the turbine furnishing the power also drives the compresso 4 it 
Accordingly, it would be necessary that the coupling be: designed}}, 
to withstand the heat generated and that a variable-voltage sys 1 
tem of. excitation be used to maintain the heating effects at 4} 
minimum. This will add further to the cost and complexity olf 
this arrangement. i 

The use of an electric coupling in this arrangement will adaff 
appreciably to the complexity of the vibration aspects of the sys I 
tem. Contrary to popular belief, the coupling has a definitall 
spring constant so that’ when it is excited it couples a high inertial 
system to the propulsion arrangement through a comparatively} 
weak spring. This increases the possible modes of vibratior 
during a period when the propeller exciting force is very large. 
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Economic CoNSIDERATIONS 


$$$ $< 


Having reviewed briefly the essential characteristics of the/} 
principal transmission system, it is now desired to consider the}} 
economic aspects of this problem. Some may question economic} 
analysis of a component of the gas-turbine system on the grounds | 
that the gas turbine to date does not hold an economic TosHiekl 
in the marine field. However, it is believed to be apparent that | 
the situation would be compounded in difficulty only if a com- 
ponent such as the transmission system were not planned on a 
sound economic basis. 

In considering the economic side of this situation, it is desirable 
to establish a criterion for judging the economic merits of the 
various systems. To date, numerous economic studies have ap- | 
peared in which the criterion of “return on capital investment”? 
has been used in evaluating relative merits. In this comparison, | 
it is preferred to establish the “minimum operating cost per year’ 
as the criterion of comparison. The reason for this preference 
lies with the fact that return of capital investment concerns the 
banker’s or investor’s viewpoint and ignores the viewpoint of an 


perator whose returns accrue not because of investment but 
ecause he is rendering a service for which those served are willing 
) pay. There he is primarily interested in rendering the best 
xrvice at the lowest possible cost. Further, careful study will 
idicate that the maximum return on investment is associated 
‘ith minimum first cost and depreciates the importance of operat- 
1g cost which is of utmost significance in judging the efficiency 
ff operation. It is obyious that the design of a vessel or its com- 
jonents can affect only operating cost. Availability of cargo is 
etermined by many circumstances over which the designer has 
o control. Consequently, to use a criterion involving revenue in 
jadging the merits of a design component is misleading. 

Another consideration entering this discussion concerns the 
‘Npbility to render a service competitively. In evaluating the 
ierits of a vessel or a component economically, it is apparent that 
he vessel or component which performs the service at the lowest 
os cost offers the best competitive position and that this is 

articularly significant in a poor market. 

Table 2 is a summary of an economic study recently made and 
ased upon current prices. In order to compare the various 
jransmissions, the turbine speed was established at 3600 rpm and 
Nhe propeller speed at 90 rpm. This turbine speed was selected 
ifince it was felt that this machine had the w idest application and 
‘Keeor rdingly would be of the most immediate interest in this com- 
arison. However, the only information available on the mechani- 
‘al reversing gears is based upon a turbine speed of 4000 rpm, 
vith a K factor of 175 on the first and 125 on the second reduction. 
' Many miscellaneous items such as foundations, duct work, 


heen based upon 4 per cent interest, 6 pe cent insurance, and 5 
‘ber cent amortization. Allowance has been made for reduction 
‘Mn interest and insurance due to amortization so that an even 10 
er cent per year is charged. The fuel rate for the turbine was 
‘elected at 0.45 Ib per shp-hr for purposes of comparison, and this 
ate was held constant for the power range of the study. A fuel 
rice of $3.04 a barrel is used, based upon the current rate for 
Diesel oil in the New York area. It might also be mentioned that 
ihe total yearly cost obviously does not include the gas-turbine 
,0wer-plant fixed charges which were not a factor in this com- 
Woarison. 

Strictly speaking, annual operating cost should also include 
Jsrews’ wages and subsistence, and equipment maintenance. It is 
‘Felt that: the omission of the crews’ wages and subsistence does not 
affect the result appreciably. While the omission of maintenance 
does decrease the value of the study, its inclusion could be under- 
taken only with considerable misgivings. Information regarding 
maintenance is not plentiful and is subject to considerable inter- 
pretation. Accordingly, maintenance is omitted and its addition 
lleft to the reader in accordance with his own opinion as to its 
agnitude. 

It will be noted that for the 3000-shp condition, the mechanical 
reversing gear possesses the lowest operating cost. However, this 
comparison is not equitable since the mechanical-reversing-gear 
‘cost is based upon a design utilizing higher K factors than have 
been generally accepted. 

Direct comparison was not possible between these two trans- 
missions since price information was not available for the me- 
chanical reversing gear based upon conventional design practice. 
‘However, indirect comparison can be obtained by increasing the 
K factor of the mechanical reduction gears, combined with the 
controllable-pitch propeller. It will be noted from Table 2 that 


| 


when this is done the yearly costs of the two drives are very - 


close for the 3000-shp condition, and that the mechanical reduc- 
tion gear combined with the controllable-pitch propeller is lower 
for the 6000-shp vessel. 
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The alternating-current drive while higher in annual operating 
cost than the mechanical drives is close enough to be a real factor 
since this difference in operating costs might in many instances 
be more than offset by other considerations. 

In so far as the direct-current drive is concerned, this evalua- 
tion indicates it would be quite difficult to justify its application 
in the power range considered and particularly for the higher 
powers. 

It is of interest to note the relationship between annual fixed 
charges and annual fuel cost to the total annual operating cost. 
It is significant that the bulk of the cost is for fuel so that the 
study is quite sensitive to fuel price. Lower-price fuels would 
tend to favor the transmission with the lower first cost. However, 
for the present at least, bunker C fuel is not a factor so that the 
evaluation must be made upon the basis of Diesel fuel oil. 

The transmission system, as such, for a reversing gas-turbine 
power plant, if available, is obviously the most economical. How- 
ever, it is not possible to evaluate such an arrangement properly, 
since many of the factors are dependent upon the type, arrange- 
ment, and cost of the reversing gas-turbine power plant which as 
yet has not been developed and therefore cannot be evaluated. 


SUMMARY 


Having reviewed the various phases of this problem, it might be 
well to summarize briefly the findings.for each system. 

Electric Drive—Direct Current. It is believed apparent that the 
direct-current electric drive has little to offer when considered for 
gas-turbine power-plant application. Its first cost is quite high 
and its efficiency low, resulting in high operating cost. Further, 
the weight and space required are appreciably above those of 
other transmissions. Its one advantage of adjustable propeller 
speed, independent of :prime-mover speed, can be obtained in 
another drive without sacrificing efficiency, weight, space, and 
annual operating cost. Further, it probably has the highest 
maintenance cost of all the drives considered. Of course there 
may be special applications where this transmission system, may 
be attractive, but in the general application its advantages are 
limited. 

Electric Drive—Alternating Current. For gas-turbine power- 
plant arrangements using a separate power turbine, this trans- 
mission system appears well-suited. Its economic position is 
among the lowest when conventional designs are considered. 
The space required by this drive is appreciably greater than the 
mechanical drives, which might handicap its use for some applica- 
tions. In regard to weight, it compares favorably with the 
mechanical drives, being surpassed only by mechanical gears 
with unconventional K factors. In regard to maneuvering time, 
it appears deficient for those applications requiring rapid re- 
versals. Further, as presently constituted, it is not the easiest 
plant to maneuver and is more susceptible to overspeeding than 
other transmissions. However, it has experienced long and suc- 
cessful service at sea and is regarded very favorably by certain 
operators. 

Mechanical Gears Combined With Controllable-Pitch Propeller. 
This system is suitable for use with all gas-turbine power-plant 
arrangements. Its flexibility is the equal of direct-current elec- 
tric drive, while its cost, weight, and efficiency are considerably 
superior. It compares favorably with the alternating-current 
drive in regard to annual operating cost and weight, and requires 
less volume. When compared on the same design basis with the 
mechanical reversing gear, it appears that the annual operating 
costs are about equal at 3000 shp but at 6000 shp the control- 
lable-pitch propeller has some advantage. Its maneuvering and 
reversing characteristics are superior to the other drives con- 
sidered and its control quite simple since 4ll operations are per- 
formed by a single lever. It is believed that the existing back- 
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ground on the controllable-pitch propeller and Kaplan turbine 
establishes the reliability of this transmission system as being 
equal to any of the other types. 

Mechanical Reversing Gear. This system appears to offer at- 
tractive possibilities for application to gas-turbine power-plant 
arrangements having a separate power turbine. Its economic 
position is excellent for powers up to 6000 shp. Its maneuvering 
and reversing characteristics are good, and all operations are 
performed through simple controls. Further, its weight, space, 
and arrangement factors are very suitable. However, its general 
application may be questioned due to the high K factors used in 
the design evaluated herein. It would appear that if designed 
with conventional factors its position might be altered so that 
final judgment as to its merits must be deferred. If the question 
of K factor can be reconciled satisfactorily, then this system 
should provide a very acceptable solution to the problem. 

Reversing Gas-Turbine Power Plant With Mechanical Reduction 
Gears. At the present time this system cannot be evaluated in- 
telligently. While the transmission system proper does not pre- 
sent any problems, the design and development of the reversing 
gas turbine appears quite remote. In fact, it is felt that effort in 
this direction is not warranted since other acceptable solutions 
are available. 


CONCLUSIONS 


In selecting a transmission system most suitable for general 
marine application, it is helpful to compare the two basic gas- 
turbine power-plant arrangements with existing marine-propul- 
sion power plants in regard to their power and torque capabili- 
ties. A reasonably close comparison exists between the Diesel 
engine and the gas turbine, in which the power turbine also drives 
a compressor. Both of these prime movers produce rated power 
at rated revolutions if the brake mean effective pressure for the 
Diesel and the temperature for the gas turbine are maintained 
at designed values. However, the comparison is not so close 
whea torque is considered, for, as the revolutions of the gas tur- 
bine, with attached compressors, are reduced, the torque likewise 
is reduced, whereas the Diesel engine under similar circumstances 
maintains constant torque with constant mean effective pres- 
sure. 

A similar comparison may be made between the steam turbine 
and the gas-turbine arrangement which includes a separate 
power turbine. Each of these power plants can produce 
rated power at less than rated revolutions, and each can pro- 
duce approximately 200 per cent torque at standstill. 

Therefore, since the simple gas turbine has a revolution-power 
characteristic equal to the Diesel engine and a revolution- 
torque characteristic inferior to the Diesel engine, we may estab- 
lish that those transmission systems successfully applied to the 
Diesel engine represent a minimum requirement for this gas- 
turbine arrangement. These systems are as follows: 


1 Direct-reversing Diesel engine. 

2  Direct-current electric drive. 

3 Mechanical-reversing-gear drive 

4 Controllable and reversible pitch propeller. 


The reversing gas-turbine power plant should not be con- 
sidered for the reasons previously outlined. The direct-current 
electric drive will function equally as well for the gas turbine as it 
dges for the Diesel engine. Due to minimum speed limitations 
and inadequate accelerating forces the mechanical reversing gear 
is not suitable for this type of gas turbine. The controllable and 


reversible propeller offers the same operating advantages as the ° 


direct-current electrig drive. 
By similar reasoning it is equitable to establish the transmis- 
sion systems used with sfeam turbines as a minimum requirement 
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for the gas-turbine power-plant arrangement in which a sepa 
power turbine is provided. These systems are as follows: 


1 Reversing turbine. 
2 Alternating-current electric drive. 


power plant should not be considered. Since this gas-turbing " 
rangement has approximately the same torque characteris) 
as the steam turbine, the alternating-current electric drive will ] f 
acceptable. | 
In addition to the two systems mentioned, it is logical, in | id 


sider the other modes of transmission used with Diesels. wi 
these are not used with steam turbines because the revers} if 
turbine provides a more economical solution, the direct-currd 
electric and the controllable-pitch propeller apply equally wellj). 


of the separate power turbine, the mechanical reversing gee 
also a practical form of transmission. 

Thus for the power turbine with attached compressor, there 2ff 
two satisfactory modes of transmission, reduction gear with ec 
trollable-pitch propeller and direct-current-motor drive. 
the separate power-turbine arrangement there is, in addition | 
the two mentioned, the reversing-gear drive and the alternatir 
current-motor drive. 

Now in establishing a general solution to the over-all proble}! 
the transmission systems having the widest application offer tiff! 


logical. Assuming equal economic position the mechanical 
duction gear with a controllable and reversible propeller and t. 
direct-current electric drive should receive first consideratiolf 
While the choice of the direct-current electric drive appears quill) 
logical from existing experience, in that it meets all the requi 1 
ments for a marine-transmission system, its economic standing | H 
one of the poorest of the drives considered (see Table 2). Ful : 
ther, its weight, space, efficiency, and maintenance factors furth \| 
add to its unattractiveness and tend to offset the advantages | 
the gas turbine. Therefore it would appear that the mechanics 
reduction-gear transmission with a controllable and reversibip 
pitch propeller represents the best solution to the problem conf: 
sidering the extent of application, i.e., it is suitable with any gas} 
turbine power-plant arrangement, and its economic standing}! 
simplicity of control, efficiency, maintenance, and reliability an] 
satisfactory. 

For limited application, the alternating-current electric driv) 
and the mechanical reversing gears both offer acceptable solu} 
tions, in addition to the mechanical reduction gear with control} 
lable-pitch propeller. Considering conventional design practice) 
the choice must lie between the electric drive and the controllable} 
pitch propeller. Each of these drives possesses certain advantage! 
which must be taken into account for the particular applicatior 
under consideration. Inasmuch as there is little difference 
economically between them, other factors such as weight, spacel| 
arrangement, maintenance, reversing time, and manning prob} 
lems, etc., must be evaluated. 

In so far as weight is concerned, neither drive offers any ad 
vantage. The space required by the mechanical drive is suffid 
ciently below that of the electric drive to be a factor in favor o 
the mechanical drive. Arrangement of the two transmissions 
appears about equal with a possible advantage accruing to the 
electric drive for certain applications. It is believed that the 
maintenance of the electric drive will run higher than the me 
chanical and that manning of an electric-drive vessel with qualified 
and capable personnel will be more difficult. For those applica- 
tions where reversing time is a factor, the mechanical drive offers 


n advantage. Upon the whole, the choice between these two 
rives can be made only for a specific application. 

If the high design factor offered in the mechanical reversing 
ear be acceptable, then the selection must be made between the 


| points, although the mechanical reversing gear has a small 
ijdvantage in weight. In the 6000-shp range, the mechanical 


yhe gains that might be made by departing from conventional 
jractice. While it is recognized that some increase in K factor 


actor so far beyond present-day practice until more experience 
{8 obtained at some intermediate value. It is further recognized 
hat, while in certain applications, high K factors have been used 


ii In considering the possibilities of gas-turbine power-plant ap- 
plication, it should be remembered that for the power range pres- 
mtly considered, the competition is with the Diesel engine 
The Diesel has long 


Consequently, the gas turbine cannot afford to support economic 
darasites in the form of expensive low-efficiency systems if it is to 
jomapete with the Diesel engine. 
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Discussion 


M. L. Irneranv.? The author has presented a thoroughgoing 
economic study of various proposed gas-turbine transmission 
jsystems and has gone into considerable detail regarding their 
operating features. 

Much of the author’s material on the controllable-pitch pro- 
ipeller installation on the Single Hitch is presented here for the 
first time and is extremely interesting. The 3500-hp foreign in- 
stallation referred to is of course the Swedish twin-screw motor 
‘vessel Suecia which was completed early in 1945. Perhaps the 
author has heard some reports on the service experience of this 
vessel which would be of interest. It would also be desirable to 
have some particulars of the other five large marine propeller 
installations in this country mentioned by the author. 

One feature of the application of the controllable-pitch pro- 
peller to gas-turbine drive which appears to deserve careful study 
is the transient condition while reversing. For a brief interval 
the propeller blades operate at negative angles of attack and are 
receiving energy to drive the shaft. Normally this condition is 
of such short duration that the resulting shaft acceleration is 


3 Engineering Department, Technical Division, Newport News 
Shipbuilding and Dry Dock Company, Newport News, Va. Mem. 
ASME. 
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probably negligible. However, one wonders what would happen 
if the pitch control should became jammed in the critical posi- 
tion. In this connection it would -be interesting to know what 
position the propeller blades take up when the oil pressure is sud- 
denly lost. 

With regard to the economic study, the writer agrees that 
minimum operating cost is a satisfactory criterion. However, he 
suggests that caution should be used in the interpretation of such 
results for a single component of the power plant. For instance, 
the author draws attention to the disparity between annual fuel 
costs and fixed charges, but this may be misleading because the 
annual fuel costs are for the entire plant, whereas the fixed 
charges apply only to the transmission component. It is believed 
that a clearer conception is obtained by selecting the design with 
lowest annual cost as a basis and comparing incremental fixed 
charges and fuel costs. When this is done it is found that the 
increased fuel cost is in some cases less than one half the total 
increase. Therefore it would appear that these particular items 
are less sensitive to increases in fuel price than the author’s 


Table 1 would indicate. 


J.S. Newton.‘ The writer is pleased to see that the control- 
lable reversible pitch propeller rates well economically, for he has 
stated on several occasions that this type of propeller, to furnish 
variable thrust in both directions with reasonable speed varia- 
tion, appeared to provide the solution to the transmission prob- 
lem for a practical marine gas-turbine propulsion system. The 
writer is heartily in accord with the plans for the development of 
this type of propeller, sponsored by the U. S. Maritime Com- 
mission and others. 

It is a safe prediction that all five of the transmission systems 
enumerated and, no doubt, others will be attempted with a gas- 
turbine prime mover. However, as with the steam turbine, 
certain combinations will be found best suited’ to specific applica- 
tions. For marine service, the reversible gas turbine and the 
large-capacity direct-connected direct-current generator are in 
the same category. Both border on the impossible. Four thou- 
sand revolutions per minute is a low speed for a gas turbine, but 
an impractical, if not impossible, speed for a direct-current gen- 
erator of more than a few hundred kilowatts’ rating. Similarly, 
while a reversing turbine is a possible solution for backing 
power, the complications encountered in making one practical 
are in large measure responsible for the interest evidenced in 
other means of accomplishing the desired result. 

The writer cannot agree with the author’s statement that “all 
development on a reversing gas turbine must be supported by the 
marine application.” The need for reverse power in land-trans- 
portation work is well known and, except for the fact that the 
direct-current transmission is better adapted economically and 
has a favorable torque characteristic for locomotive applications, 
the necessity for reverse turbine marine and locomotive drives is 
comparable. For gas-turbine locomotives, substitution of gear- 
type transmissions for the costly electric-transmission equipment 
does. appear possible. From future development work in this as 
well as in the marine field, a reversing gas turbine may evolve. 
Thermal shock to the astern turbine may not be as serious as 
expected. Our 2000-hp experimental gas turbine has been sub- 
jected to several thousand temperature shocks (700 to 1350 F) 
without apparent damage or distortion. At this time there is no 
evidence to indicate that, because of thermal shock, there is a 
limiting rate of increase of temperature for gas turbines. Future 
use of course may disclose limits, which the tests made thus far 
have not shown. 


4 Assistant Manager of Engineering, Steam Division, Westing- 
house Electric Corporation, South Philadelphia Works, Philadelphia, 
Pa. Mem. ASME. 
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With respect to fuel cost, it is noted that a price of 7.25 cents 
per gal and a basic fuel rate of 0.45 lb per hp-hr have been used in 
making the economic analysis. These are favorable choices. 
While bunker C is now cheaper, it appears that.in the future there 
will be a smaller differential in price between residual and refined 
fuels. Also, a fuel rate as good as 0.45 Ib per hphr may not be 
economic for the gas turbine itself. These would indicate that 
higher percentage cost for the transmission, shafting, and pro- 
peller may be economically justifiable. 


R. E. B. Suarp.® With the permission of the Maritime Com- 
mission, the writer would like to show (Fig. 13 of this discussion), 
the results of the open water test of the model of the controllable- 
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pitch propeller which will be installed in the Liberty collier 
EC2-G-A-W2. The prototype propeller will be driven by a 
3000-hp gas turbine at a speed of 90 rpm. It has four blades 
with a tip diameter of 17 ft 6 in., and was designed under the 
direction of Dr. J. Kreitner. The efficiency of 74 per cent is of 
interest in view of the ratio of hub to tip diameter being 0.286. 
Under this open water test, as the author points out, a propeller 
with large hub ratio is at a disadvantage. Unfortunately, no 
self-propelled test date and therefore no value of the propulsive 
coefficient is available. The latter value of course reflects the 
effect of the hull and sudden fairing on the propeller perform- 
ance. 

In connection with the flexible torque characteristics with 
controllable-pitch propellers, as mentioned by the author, relative 
tests made on two Navy tugs showed an increase in dead pull of 
30 per cent with a controllable pitch propeller for the same engine 
torque over that obtained with fixed pitch. With gas-turbine 
drive, this will permit more effective utilization at zero and low 
ship speeds of the power available by operation at a higher rpm 
than would otherwise be possible. Reference is made to the 
author’s Fig. 3. 


WILHELM SPANNHAKE.® This discussion reminds me of about 
40 years ago when the introduction of the steam turbine for mar- 
ine propulsion brought up the same problem as is faced today 
with gas turbines. At that time Dr. Foettinger, the inventor of 
the hydrodynamic torque converter, proposed its use between 
the turbine and the propeller. The Vulcan Werke of Hamburg 
and Stettin undertook the design and manufacture of the con- 
verter and, after satisfactory performance of several units in- 
stalled in merchant ships, obtained an order from the German 


5 Consulting Engineer, 8. Morgan Smith Company, York, Pa. 
Mem. ASME. 

6 Technische Hochschule Karlsruhe, Baden, American Zone. Con- 
tractee U.S. Navy. 
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Navy to install two units of 20,000 hp each in the light er 

Wiesbaden. The two steam turbines operated at 1200 rpm 
the propellers at 350 rpm. Reversing was effected by arran 
within the same casing two flow circuits, one for ahead and 
other for astern. The efficiency of the converter itself was} 
per cent, but by recovering the heat generated by warming hh 
boiler feedwater, the over-all efficiency was increased to 91.5 |r 
cent. As a result of this success the German Navy ordered} 
converters of 30,000 hp each to be installed in three bat# 
cruisers, but when they were ready for shop test, World Wag 
ended and so nothing more was done. 

There appears to be no reasonable limit to the power traigy” 
mitted per unit because of the similarity to hydraulic turbin\y! 
which may be readily designed for 100,000 hp in a single runn\ is 
Although hydraulic torque converters are limited to a transmigy 
sion ratio of not greater than 1 : 5, they can be successfully cor 
bined with mechanical gear transmission, such as would custonj! 
arily be installed on a steam turbine. The mechanical gear caf 
thus be greatly reduced in size and cost. The ship’s speed cé 
best be controlled by varying the speed of the gas turbine sin) 
torque converters for variable ratios are rather complicate} 
even though it is possible to design them with good averag 
efficiency. There are, however, other means of obtaining hig" 
efficiency at low speeds. Small turbines for cruising speed can Hii! 
arranged so that the power can be transmitted to the main pr¢#} 
peller shafts by means of the Foettinger hydrodynamic clut 
and a mechanical gear. 

Hydrodynamic transmission has, in the writer’s opinion, greaif 
advantages for ship propulsion. It is very reliable and there is nif 
wear on the blades of the converter. Cavitation may easily b 
avoided. The maneuvering characteristics are excellent. Inas i 
much as it is impossible to have an astern gas turbine, the reversi# 
ing of the propeller must be accomplished by the torque conjfj 
verter. On the Wiesbaden the propeller shaft could be started ix i 
the reverse direction 6 sec after the order ‘‘full speed astern.” it 

In regard to space and weight the hydrodynamic transmission} 
is generally more advantageous than any other system eve : 
though for larger ratios it may be necessary to use mechanical 
geared transmission as. well. i 

Consequently, it is obvious that as with steam turbines, the tl 
hydrodynamic transmission should be considered in connection|}}) 
with gas turbines as well. 


ia 


H. J. Cuase.7. Mr. Hammond’s paper covers this interesting 
subject so fully that it is a great temptation to discuss the several |} 
possibilities at great length. 

A few notes on some features of the a-c transmission may be in! 
order as supplementing the author’s statements, particularly on 
the maneuvering characteristics of these systems. The statement 
that 60 to 90 sec are required to go from full ahead rpm to 2/5 | 
rated rpm astern is quite true for some classes of vessels and a de- | 
sign specification that does not require extreme rapidity for this | 
maneuver. ; 

Some data are available which cast doubt on the advantage of 
quickly attaining high-astern propeller speed for the purpose of 
stopping a ship during a full-speed crashback. However, when 
this is a matter of design specification. the a-c transmission can be 
given characteristics that will substantially reduce the 60 to 90 
sec quoted. 

As far as normal dockside maneuvering is concerned, the a-c 
transmission is not handicapped at all in producing rapid ma-. 
heuvering in response to signals. ' 

The problem of maneuvering, both as to reversing and speed 
control, may be attacked in another way which produces an a-c 


7 Federal and Marine Engineering Division, General Electric 
Company, Schenectady, N. Y. 


iystem that may allow the gas-turbine characteristic to be ex- 
{loited more fully. Reference is made to the possible use of igni- 
ron-type rectifiers. As presently designed for commercial use, 
1ese are not wholly seaworthy, but there appear good prospects 
‘jaat tubes can be designed and built which can be used at sea. 

, With such tubes developed, the a-c transmission then permits 
ijplection of generator speed to suit the gas turbine and the use of 
i a-c propulsion motor with very flexible speed control and re- 
Wjersing characteristics. 

i) The author mentions the difficulty of obtaining crews qualified 
r operation and maintenance of a-c equipment, particularly 
pom the standpoint of a-c control maintenance. The present 
ype of propulsion control is very similar to the a-c distribution 
ad generation equipment control for ship’s service which, in gen- 
ial, has a good reputation and is widely used on shipboard. Per- 
jjaps the difficulty has been in obtaining trained crews during 
jjartime conditions. It would seem that more diffictilty would 
ise in obtaining experienced operating and maintenance crews 
wr the gas-turbine plant itself.’ 


AUTHOR’S CLOSURE 


: eine the other five large marine propeller installations in this 
ountry, it is regretted that the author is not in a position to 
ipply the propeller particulars. However, the names of these 
ther vessels are as follows: Steamship Albatross IJT; motor 
«essel Commercial Clipper; U.S.S. Dahlgren? U. 8. 8. Apoholar; 
a. S. S. Chononaga. 


if negative angle of attack adversely affecting the operation of 
ae propeller, it might be said that to date no adverse experience 
as been obtained from the aspect. It is known that the crash 
st of the Navy tug Apohola indicated that the momentary 
jjprque drop reached a minimum of 20 per cent of the free-running 
jprque for an instant and then increased rapidly. The change 
2. rpm during this 2-sec interval was from 100 to 102. Theoretical 
\malysis of this question indicates that the torque will never 
zach zero, even if all blade sections were to reach their worst 

osition simultaneously. In fact, there is considerable doubt 
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whether this condition could ever be reached, since generally the 
negative angle is approached at each blade section at a different 
time. 

As to the position which the propeller blade will assume with 
loss of oil pressure, it is not possible to generalize this factor, since 
it depends upon the algebraic sum of all the moments acting upon 
the blades. These moments of course will vary from design to 
design, and a certain amount of control can be exercised so that 
the blade will assume a selected position in the event of oil failure. 
In the case of the Single Hitch, the forces were such as always to 
cause the propeller blades to assume maximum negative pitch in 
the event of a failure. 

Analyzing the economic factors of Table 1, Mr. Ireland’s point 
is well taken. However, in interpreting this table, it is intended 
that the total yearly cost for the various transmission systems 
be compared to the base “reduction gears only.” This then gives 
a comparison of the increases which must be assessed to each of 
the various systems. 

Mr. Newton’s assurance regarding thermal shocking of the gas 
turbines is welcomed, and it is gratifying to learn that shocks of 


‘the magnitude indicated can be applied to the equipment without 


apparent damage or distortion., 

In connection with the possibilities of land-transportation 
groups supporting the development of a reversing gas turbine, it is 
felt that this is quite remote in view of the wide acceptance of the ° 
transmission characteristics obtained from the Diesel-electric 
drive. Since these characteristics are apparently so well-suited to 
the requirements of railway locomotives, the development of a re- 
versing gas turbine would have to be of a type which could offer a 
similar characteristic before very much interest could be aroused. 

Mr. R.E.B. Sharp’s addition of the open-water characteristics 
for the control-pitch propeller to be installed in the Liberty 
Collier EC-2A-W2 is welcomed. The addition by Mr. Wilhelm 
Spannhake of the information concerning Dr. Foettinger’s 
hydrodynamic torque converter is appreciated. 

Mr. H. J. Chase’s comments regarding electric-drive charac- 
teristics are interesting. |Of course to evaluate the electric-trans- 
mission system with improved reversing characteristics would re- 
quire that cost data be available. The possibility of using igni- 
tron-type rectifiers with the alternating-current transmission sys- 
tem is quite interesting. Future development of this system may 
prove that it is a valuable adjunct to the existing transmission 
systems. 


This paper presents a discussion of the economics and 
neral design requirements of gas-turbine power plants 
_ be operated with low-cost fuel, such as natural gas and 
ude oil in the oil fields, refinery by-products, and by- 
oduct gases from industrial processes. It is pointed out 
jat factors affecting first cost become relatively more im- 
ortant than those affecting efficiency as fuel cost de- 
eases. When fuel cost is very low, water injection may 
+I] be considered if a suitable supply of water is availa- 
e. Brief mention is made of the flow-type turbine 
wer plant with preheated gas, which is a special case 

the combustion-gas-turbine power plant. Approxi- 
ate costs of these flow-type turbine power plants are given. 


INTRODUCTION 


”N planning a gas-turbine power plant for operation with low- 
cost fuel, the basic considerations will be low first cost, re- 
~ liability, convenience of operation, and, when the power 
nt may be moved from one site to another, compactness and 
sight. Fuel economy in itself will be of lesser importance. It is 
e purpose of this paper to present the results to date of certain 
dies which are being made to determine how a stationary gas- 
bine power plant of moderate size can best be designed to meet 
se requirements. . 
The term “‘low cost” is of course relative, since a low cost for 
el in one region might be relatively high in another. This 
per has been prepared with such fuels as natural gas and com- 
istible by-product gas particularly in mind. However, some of 
'e data given will permit economic comparisons over a wide 
nge of fuel costs. Natural gas has been reported as available in 
tge quantities in certain oil-field regions at a price of approxi- 
lately 7 cents a thousand standard cubic feet for 1000-Btu gas, 
7 cents per million Btu gross heating value. For calculations 
volving the properties of the fuel, natural gas with an assumed 
mposition of 65 per cent methane and 35 per cent propane by 
sight has been used. 
The paper has been prepared with the requirements for power 
ants of 2000*kw and less particularly in mind. 
Devices for interstage cooling of compressors, interstage heat- 
g of turbines, and preheating of combustion air by the turbine- 
chaust gas can contribute greatly to power-plant efficiency, but 
.e cost of such a device per unit of rating tends to increase with 
sxerease in plant rating, while the fuel saving from a given in- 
ease in plant efficiency is a constant percentage regardless of 
iting. For this reason it will be more difficult to justify the use 
‘such devices for the smaller ratings when the fuel price is low. 
fuel price increases, the advantage of higher thermal efficiency 
creases until a point is reached where a heat exchanger is justi- 


1 Turbine Engineering Division, General Electric Company. Mem. 
E. 
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Gas-Turbine Power Plants for Operation 


With Low-Cost Fuel 


By JOHN GOLDSBURY,! LYNN, MASS. . 


fied by the reduced over-all fuel cost. Because of the heat ex- 
changers involved, it seems unlikely, also, that closed-cycle plants 
will be economical for use with low-cost fuels, except possibly in 
very large ratings. In this paper, therefore, only the simple open- 
cycle power plant, consisting of a compressor, one or more com- 
bustion chambers, a turbine, a generator, or other machine to ab- 
sorb the useful output, and the necessary accessories will be con- 
sidered. The accessories will include a starter, and if a generator 
is to absorb the load, an exciter. They may also include one or 
more gears to permit each rotating element to run at optimum 
speed if the effects on first cost are favorable. Such a simple open- 
cycle gas-turbine power plant is shown diagrammatically in Fig. 1. 


COMBUSTION CHAMBER 


EXCITER STARTER 


AIR IN 


EXHAUST GAS OUT 


DIAGRAM OF THE SIMPLE OPEN-CYcLE Gas-TURBINE POWER 
PLANT 
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Fur. Costs 


Before proceeding with an examination of the design factors 
involved, it will be well to consider some actual effects of fuel costs 
on justifiable power-plant prices. In Table 1 are given prices per 
million Btu net heating value of several fuels. The figures for coal, 
bunker C oil, and fuel oil are based upon recent prices of fuel de- 
livered at Lynn, Mass. Prices at points where shipping charges 
are lower should of course be less. The natural gas figure is 
based upon an assumed composition of 65 per cent methane and 
35 per cent propane by weight and a price of 7 cents a thousand 
standard cubic feet in the gas fields for 1000 Btu gross heating 
value gas. 


TABLE 1 FUEL PRICE -, 
Price per million 


Btu net heating value 
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Savings in fuel cost are normally the only justification for pay- 
ing any premium for increase in plant efficiency. However, in 
making cost comparisons between different fuels, price is not 
the only consideration. Relative costs of storing, pumping, 
handling, and feeding must be taken into account. Such costs 
normally will be low for natural gas, particularly if it is received 
at the point of use under pressure high enough to avoid the need 
of a fuel pump. 

In Fig. 2 are shown fuel costs per year per 1000 kw rating 
plotted against plant thermal efficiency for different values of 
fuel price per million Btu lower heating value. Since 1 hp equals 
0.746 kw the costs per 1000 hp are approximately three quarters 


as great. For other values of load factors and hours operated 
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per year than those used in the curves, the costs will vary in 
direct proportion. 
Curves like those in Fig. 2 are useful for making comparisons 
between power-plant designs of different thermal efficiencies. 
For the rapidly changing conditions common in the oil fields, we 
may assume that the annual saving in fuel cost for the more 


LOAD FACTOR =.90 
— + + + tomate 
HOURS OPERATION PER EAR 8000 


teat tt + ; 
THERMAL EFFICIENCY AND COST BASED| _| 


® 

§ 

4 

8 

i 

fe) 

wn 

[@) 

las 

= 80 S a 

fetta SI & 

= ‘ | 

a HN IS <= 

@ ON NSS OSES 
LT OSS OSA SSE 

& 40 SS _ = 

x a= SS 

. ee = 

2 eee 

uw 


8 10 12 14 16 18 205 722 24 
PLANT THERMAL EFFICIENCY IN PER CENT 


Fie. 2 Yearty Furi Costs Per 1000 Kw Power-Pianr Ratine 
efficient plant can be capitalized at 30 per cent, that is, that the 
extra cost of the more efficient plant should be written off in less 
than 4 years. As an example, let us assume that two 1000-kw 
power-plant designs, A and B, are to be compared using fuel 
costing $0.077 per million Btu in both cases. If the plant effi- 
ciency of A is 10 per cent and that of B is 12'/2 per cent, then, 
from Fig. 2 
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The value of this saving, capitalized at 30 per cent is 3780/.30 
= $12,600. If the cost of design B is less than that of design A 
plus $12,600, then purchase of a plant to design B is justified. 
Otherwise, design A should be used. 

We shall now consider individually the most important factors 
which affect first cost and efficiency. 


ELEMENT EFFICIENCIES 


Fig. 3 shows how the over-all efficiency of the power plant is 
affected by the turbine and compressor efficiencies. It is evident 
from the curves in Fig. 3 that the gain in plant efficiency from an 
increase in turbine efficiency is greater than that from a corre- 
sponding increase in compressor efficiency. Conversely, less harm 
is done by decreasing compressor efficiency than by a correspond- 
ing decrease in turbine efficiency. 

The efficiency of a turbine or compressor is determined: (a) by 
the design; and ¢b) by the accuracy and quality of manufacture. 
The increased cost involved in holding to high standards of 
accuracy and quality of manufacture is usually a relatively inex- 
pensive way of improving efficiency, and such standards tend also 
to contribute to the reliability of operation. 

Some design features yield relatively large returns in efficiency 
for the cost involved. In general, however, careful comparative 
studies must be made to determine the optimum design. As an 
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example, the axial-flow type of compressor is more efficient, tigi 
the centrifugal type, but, for a particular application, compara gp 
studies might indicate a net economic advantage for the centx {phil 
gal type. The advantage may lie with the latter type when 
rating is small and fuel costs are very low. A standardized desist 
using an axial-flow type of compressor, appears to be attrac tmis 
for a wide variety of applications for the larger ratings. 


PRESSURE Dror THROUGH PASSAGES 


Any pressure drop which cannot be utilized by the turbine aq) 
stitutes a loss in potential plant output. The pressure drop frg) 


the turbine inlet probably can be kept down to 5 or 6 per cent 
the absolute compression pressure without excessive cost. 
exception to this statement may be the case of a gas turbine 4 bd 
compressor which are integral parts of a catalytic petroleug) 


catalyst regeneration, and the combustion gas from the regency 
tion process is sent to the gas turbine. In this case the proc 
requirements are of paramount importance and the net pov 
output of secondary importance. It then may be necessary, 
accept a large pressure drop between the compressor and 
turbine. 

The compressor-inlet size and turbine-exhaust size should 
generous, and the installation should be so arranged that the aif} 
inlet and gas-discharge pipes will be short. A vertical stack 
the exhaust gas will help to cut down the exhaust loss. 


CoMPRESSION PRESSURE 


Fig. 4 is shown as an illustration of the net electrical outpull}, 
obtainable from a flow of 1,000,000 standard cu ft per day | i 
natural gas burned in gas-turbine power plants, designed ‘i 
various combinations of compression pressure ratio and turbi li 
inlet temperature. A compressor-inlet temperature of 80 F hifi 
been assumed. ‘The full-line curves show outputs for desigMt 
using single-stage centrifugal compressors, while the dashed lini 
are for designs using axial-flow compressors. The axial-flow cor 
pressors are assumed to have numbers of stages best suited to thf] 
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jesign pressure ratios. Multistage centrifugal compressors 
ght also be considered, but it seems to the author that the 
ormal choice will be between the high efficiency of the axial-flow 
ompressor and the extreme compactness and simplicity of .the 
“/ngle-stage centrifugal SUN a and that effort should not be 
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Fic. 5 AssumepD CoMpRESSOR-EFFICIENCY CHARACTERISTICS 


Typical curves of compressor efficiency plotted against com- 
ression pressure ratio are shown in Fig. 5. These were used 
the calculations for Figs. 4, 6, and 7. Higher efficiencies of 
ourse have been obtained, but the values given in these curves 
ppear to be conservative for normal continuous performance. 
he turbine efficiency used was 0.833 in all cases. 

Fig. 6 shows the corresponding thermal efficiencies. These 
surves show that the compression pressure ratio for maximum 
lant output for a given fuel flow and for maximum thermal 
ficiency is a function of the turbine-inlet temperature. High 
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turbine-inlet temperatures require relatively high compression 
pressure ratios and vice versa. Therefore the turbine-inlet tem- 
perature must be taken into account in selecting the compression 
pressure. 

Fig. 7 shows the relationship between air flow per kilowatt of 
electrical output, plotted against compression pressure ratio for 
various turbine-inlet temperatures and for the two types of com- 
pressors. It should be noted that the compression pressure 
ratio for maximum air flow at a given turbine-inlet temperature is 
lower than that for maximum output or maximum thermal 
efficiency. This is because the fuel/air ratio increases with de- 
crease in compression pressure ratio. The air flow affects the 
sizes of the passages through the compressor, the combustion 
chamber, and the turbine. The compression pressure affects such 
items as rotor diameter, operating speed (rpm) and numbers of 
compression and expansion stages required. It also affects the 
wall thicknesses required for casings and pipe. Both these 


‘ 
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factors therefore affect first cost. For the designs involving 
axial-flow compressors, air flows are smaller and compression 
pressure ratios are greater at maximum thermal efficiency than 
for the centrifugal-compressor designs at the same turbine-inlet 
temperature. These factors must be taken into account in making 
comparative studies as to net economic merit. 

In making such studies for small ratings, the possibility of 
using a small relatively high-speed centrifugal compressor should 
not be overlooked. The cost of a possible additional gear and the 
effect of the gear losses must of course be taken into account. 


CoMpPRESSOR-INLET TEMPERATURE 


Figs. 4, 6, and 7 show performance at design conditions with 
80 F compressor-inlet temperature. At a lower compressor-inlet 
temperature, the thermal efficiency would be greater and the 
air flow per kilowatt would be lower. Conversely, at higher air 
temperature, the thermal efficiency would decrease, and the air 
flow per kilowatt would increase. This is not only true for 

' gas-turbiné power plants, designed for different air-inlet tem- 
peratures, but it is, in general, true that the power output per 
pound of fuel for any gas turbine will increase with decrease in 
air-inlet temperature and vice versa when other operating con- 
ditions are constant. At inlet temperatures very much lower 
than the design value, a point may be reached where the com- 
pressor-inlet Mach number is too high for good efficiency, so that 
further decrease in inlet temperature will cause decrease in out- 
put and perhaps pulsation. The designer should make sure that 
this will not occur at expected winter temperatures. 

Increase in output in winter is sometimes a desirable charac- 
teristic for a gas-turbine power plant. In selecting the size and 
design of the power plant, care must be taken to insure adequate 
capacity under hot-weather conditions. 


TuRBINE-INLET TEMPERATURE 


As shown in Fig. 6, increase in turbine-inlet temperature yields 
a marked increase in plant efficiency, other things being equal. 
For the higher temperatures shown, however, the materials 
necessary for long life are yery costly and expensive to work with. 
When fuel cost is low, the materials needed for the highest tem- 
peratures may increase first cost to a value unjustified by the 
increase in plant efficiency. The optimum turbine-inlet: tempera- 
ture for a given fuel price and power-plant rating, at this stage of 
gas-turbine experience, will be largely a matter of the judgment of 
the designer. 

As compression pressure ratio increases, greater flexibility of 
design makes it possible to obtain relatively low turbine-blade 
temperatures without serious sacrifice in efficiency. It is proba- 
bly impractical with presently known materials to consider de- 
signs for temperatures above 1400 F for the pressure ratios suited 
to the single-stage centrifugal compressor. 


Water INJECTION 


If, in addition to low-cost fuel, an adequate supply of water is 
available at the plant site, water injection should be considered. 
Before making a decision to use water injection, the nature of any 
impurities in the water should be determined to see whether it 
should be ‘pretreated to prevent depositing of solids on the in- 
terior surfaces of the gas turbine. The cost of pretreatment 
should be taken into account in estimating the economics of water 
injection. 

Fig. 8 shows curves of the: ratio of water flow to fuel flow, 
plotted against fuel flow per kilowatt for different temperatures 
and for different values of excess air. The curves are plotted for a 
power plant using a single-stage centrifugal compressor with 80 F 
air-inlet temperature and 3.2 compression pressure ratio. The 
term “excess air” is used to describe the air in excess of that re- 
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quired for complete combustion of the fuel. This.excess air c¢ 
tributes to the cooling of the combustion gas to the desired t 
bine-inlet temperature. The remainder of the cooling is suppl 
by the injection water which here is assumed to be injected in 
the combustion chamber. The highest ratios of water flow 
fuel flow shown are beyond the range known to the author | 
having been tried out successfully, and the problem of starting} 
power plant designed for so much water injection would prese 
some special problems. However, the curves in Fig. 8 show th 
for the conditions and element efficiencies assumed, fuel rates | 
maximum values of water injection compare favorably with tha 
for zero water injection at the lower values of turbine-inlet teri} 
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The cost of a turbine or compressor is affected materially by the] 
passage areas required to pass the working fluid, particularl 
the passage areas through the blading. The passage areas required| 
for a given power plant rating at given pressure and temperature} 
conditions are reduced by water injection. This is shown in Fig.|} 
9 in which are given curves of the approximate ratio of the pas-}| 
sage area with water injection to that for turbine-inlet. tempera-} 
ture of 1400 F, with no water injection, plotted against the ratio} 
of injected water flow to fuel flow for different values of turbine- 
inlet temperature. The curves show that in every case the pas-| 
sage-area function decreases rapidly with increase in injected 
water flow, and that at large values of injected water flow the 
sizes of the 750 F turbine and its compressor are only a little 
greater than those for the higher turbine-temperature de- 
signs. Since the allowable turbine-blade stresses will decrease 
rapidly with increase in turbine-inlet temperature, the advan- 
tage for the low-temperature turbine in the materials that can 
be used is very great in so far as first cost is concerned. 

Fig. 10 shows curves of available energy per pound of turbine 
gas plotted against the ratio of water-injection flow to fuel flow 
for various turbine-inlet temperatures. In order to maintain high 
turbine efficiency, the blade speed of the turbine design must be _ 
related directly to the available energy, as indicated in the follow-_ 
ing formula 


E = CN*E (D%) 


e 


EH = available energy per pound of turbine gas, Btu 
| C = const 


N= rotating speed, rpm 
') D = mean blade diameter of turbine stage 
z = symbol of summation 


rease in the operating rpm with accompanying increase in the 
Jade stresses. The curves in Fig. 10 show that the available 


njection rate at constant turbine-inlet temperature, so that there 
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will be some offset to the cost saving from reduced turbine and 
compressor-passage areas. However, there should be a substan- 
tial net reduction in first cost from the use of water injection. 

The power required for pumping the water will be less than 1 
per cent of the net plant output. 


Fiow-Tyrre-TurBINE Power PLANT 


The flow-type-turbine power plant obtains its power from the 
expansion of a gas which has been compressed by natural means 
or by compression incidental to an industrial process. The basic 
cycle involved is the same as that previously described for the 
combustion-gas-turbine power plant. Since the compression 
power is not chargeable to the power plant, some net power out- 
put can be obtained regardless of the temperature of the gas as 
received, and whether or not it is heated at the power plant. 
However, the power available can be increased very greatly in 
many cases by heating the gas to a relatively moderate tempera- 
ture, so such heating should be considered seriously. 

When the gas involved is a fuel, such as most natural gases, the 
total gas flow can be passed through a heater before going to the 
turbine. A small portion of the gas flow coming from the turbine 
exhaust can be used as fuel for the heater. The remainder can be 
sent to a low-pressure fuel line for distribution and use as needed. 

Since natural gas often comes from the ground at about 100 F, 
and since for the same initial and final turbine pressures the 
theoretical power obtainable from a given flow of gas is approxi- 
mately proportional to the absolute initial temperature, heating 
the gas to approximately 660 F would double the available power. 
Actually, the power would probably be more than doubled be- 
cause of improvement in turbine efficiency and avoidance of 
condensation and freezing of water vapor, carbon dioxide, etc., at 
very low turbine-exhaust temperatures. 

If the gas is noncorresive, the turbine can often be practically 
a standard noncondensing steam turbine designed for the same 
pressure, temperature, and rating. The chief difference from a 
steam turbine will be the special precautions to avoid explosion 
hazard. Any electrical equipment used in such a plant should be 
designed and arranged to avoid danger from explosion. It should 
be noted that steam turbines are usually sold for temperatures 
up to 750 F with no temperature premium. For tempera- 
tures from 750 F to 1000 F, temperature premiums are added 
because of the special materials and design features required. 

The flow of natural gas.required for a flow-type-turbine power 
plant will be many times greater than that for a combustion-gas- 
turbine power plant of the same rating, but the first cost will be 
less. Fig. 11 shows the approximate power output obtained from 
a flow of 20,000,000 standard cu ft of gas per day plotted against 
initial pressure available for different initial temperatures. A 5 
per cent pressure drop is allowed through the heater and an over- 
all turbine and generator efficiency of 70 per cent is used. A tur- 
bine-exhaust pressure of 22 psia is used to allow for low-pressure 
fuel-line requirements. The composition of the natural gas is 
assumed to be 65 per cent methane and 35 per cent propane by 
weight. 

The flow-type gas-turbine power plant will consist of a turbine 
with a cost normally approximating that of a steam turbine for 
the same pressures, temperature, and rating, a generator or other 
driven unit with cost little, if any, affected by its association with 
a gas turbine, and usually a heater. Our investigations seem to 
indicate that a suitable heater can be obtained for from 60 to 75 
per cent of the cost of the turbine-generator set with which it 
might be used. The heater price would include burners, auto- 
matic combustion control, and a stack. In many localities an 
outdoor installation is possible, so that the total cost cf the power 
plant will be little more than the cost of the apparatus mentioned, 
plus suitable allowance for foundations, piping, and electrical or 
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other control and transfer equipment. Fig. 12 shows curves of 
estimated cost plotted against rating for flow-type gas-turbine 
power plants designed for 750 F and for 900. F turbine-inlet-gas 
temperatures. 
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CONCLUSIONS 


1 First cost rather than efficiency should be the primary ¢¢ 
sideration when a power plant is to be operated with very lo 
cost fuel. 

2 Compressor efficiency is less important than turbine et 
ciency, so that for the smaller ratings, at least, the centrifugt 
type compressor should be considered. i 

3 The efficiency characteristic of the compressor used hasf}_ 
dominant effect on the selection of compressor-discharge pré | 
sure. \h, 

4 The determination of optimum turbine-inlet temperatuj 
must await further studies. 

5 Water injection has an important favorable effect on powé HN 
plant first cost, but pure or treated water must be used to avoifll, 
injurious deposits on interior turbine surfaces. F 

6 The flow-type-turbine power plant may well be considere@j}, 
when natural or process gas is available at suitable pressure. TE), 


4] 


of the gas may often be desirable. 


Discussion 


J. R. Haskin, Jz.2 This discussion is limited to those gas i 
turbine installations burning a fuel which also can be used in 
steam-turbine or Diesel-engine plant. 

The greatest single factor in the cost of power generation is thi} 
fuel cost per kilowatthour. A breakdown of the cost of poweij 
production will usually show that between 75 and 85 per cent aj} 
this cost is the cost of fuel. Because of this, when the fuel cost 
per million Btu is the same for two or more types of plants, 4] 
high-efficiency steam-turbine or Diesel-engine plant may be mor(}# 
advantageous economically than a low-efficiency gas-turbind} 
plant, even though the high-efficiency plant has a greater first costif 
The author has not given any comparison for this case. Since 


since the gas turbine must compete with the steam turbine and 
the Diesel engine in power production, such a comparison would) 
be of great interest. 


AUTHOR’S CLOSURE 


comparison must be selected. The thermal efficiencies must, off 
course, include’ allowance for all auxiliary power and all lossestt 
which are chargeable to a power plant. 

Certain other factors, also, will or may be of importance. Such! 
factors are relative water requirements, relative attendance andj 
maintenance requirements, relative weight, size, portability, ete.| 

At the present stage of development, no general data on thel 
prices of combustion gas-turbine power plants can be given | 
From experience to date, however, it seems certain that such} 
power plants will be selected fot many applications as preferable 
to other types. 


2 St. Louis, Mo. Mem. ASME. 


' This paper describes apparatus which has been con- 
tructed for determining the velocity of sound in super- 
1eated steam. A quartz crystal, vibrated electrically at 
ts natural frequency, is used as a sound source to set upa 
eries of standing waves in a vertical cylinder filled with 
team. The frequency of the sound source and the length 
f the standing waves are measured with high accuracy 
y simple and convenient methods. Experimental results 
re presented which show close agreement with data cal- 
ulated from the steam tables of Keenan and Keyes. 


INTRODUCTION 


“NOUND may be considered to be a sudden compression at a 
given point in a medium which possesses both elasticity 
and inertia. The medium most commonly encountered is 
‘tmospheric air, and the point in question is the ear of the listener. 


A sudden compression in a gaseous medium is always followed 
a rarefaction, as the particles which are initially compressed 
nd to resume their original position, due to the elasticity of the 
1edium, and thereby react on the neighboring particles. These 
rticles, in turn, are compressed, and the sudden compression 
r disturbance travels away from a point source in the form of 
- wave. 
f{ rest, and a rarefaction succeeds the compression, to be fol- 
ywed in turn by a weaker compression as the vibrations of the 
articles about their original positions are rapidly damped out. 
. single wave of compression may be partially realized by a 
1ort sharp tap or pulse. If, by mechanical means, a series of 
ympressions is caused to emanate from the source, there results 
train of compressions and rarefactions which produces the 
msation of noise in the ear of the auditor. 
The human ear is limited in its ability to aca sound vibra- 
ons, the upper limit being about 20,000 vibrations per sec. 
‘The term “ultrasonic” is used to describe sound waves which are 
igher in frequency than 20,000 cycles per sec, and hence are 
Electrical methods are. available, however, which 
n detect waves of much higher frequency, and the apparatus 
escribed in this paper can cover the range from 50,000 to 
000,000 cycles per sec. 
If a sudden compression is produced at a point in a gas, the 
ompression will travel with a velocity C which depends upon 
1e physical properties of the gas and also upon the nature of the 
mpression. The compression can be conceived to be either 


| 1 This paper is an abstract of a thesis having the same title and sub- 
hitted to Johns Hopkins University, June, 1947, in partial fulfill- 
sent for a doctoral degree i in Mechanica] Engineering. 

2 Associate Professor in Mechanical Engineering, Rice Institute; 
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fopkins University, Baltimore, Md. Jun. ASME. 

Contributed by the Power Division and presented at the Annual 
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Norte: Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors and not those of 
ne Society. Paper No. 47—A-119. 


Due to inertia, the particles overshoot their positions 


- By JAMES WOODBURN,? HOUSTON, TEX. 


_isothermal or adiabatic. It was Sir Isaac Newton who first 
derived an expression for calculating the, velocity of sound in a 
gas. He assumed that the compression was isothermal, and his 
calculated value was about 16 per cent below the experimental 
value, indicating an error in his theory. 

Laplace, in 1816, concluded that the compressions and rare- 
factions of the sound wave took place so rapidly that there was 
no time to share with the surrounding air the heat developed by a 
compression, or the ‘“‘cold’’ developed by a rarefaction. Thus 
the process must be adiabatic, and not isothermal, as Newton had 
assumed. Laplace derived an equation, employing the adiabatic 
elasticity instead of the isothermal elasticity of a gas, and his cal- 


culated values agreed very well with experimental values. His 
equation was 
Cl. Nig PV. ieee [1] 

where 

C = velocity of sound, fps 

g = universal gravity constant, 32.17 fps per sec 

k = ratio of specific heats 

P = absolute pressure, psf 

V =' specific volume, cu ft per lb 


It is of interest to note that Equation [1] also appears in de- 
riving the equation for the velocity of a gas passing through the 
minimum section or throat of a nozzle when the back pressure is 
less than the ‘‘critical” pressure. 

Experiments carried out in 1846 by Graham on air flowing 
from a high-pressure chamber through a nozzle into a vessel at’ 
lower pressure showed that the flow rate increased with dimin- 
ishing back pressure until a certain pressure ratio, about 0.53, 
was reached. Further reductions in the back pressure did not 
increase the rate of flow through the nozzle. R. D. Napier © 


_ (1)% performed similar experiments with steam in 1867, and 


he observed the same phenomenon, except that the critical- 
pressure ratio for steam was found to be about 0.55. This curious 
effect was also observed by Wilde, Zeuner, Fliegner and many 
others. An observation which complicated the explanation of 
this phenomenon was the failure of a sharp-edged orifice to be- 
have in the same manner as a rounded nozzle. 

In 1886, Oshorne Reynolds (1) showed that the velocity of 
the gas at the minimum section or throat of the nozzle was that 
given by Equation [1], where P and V were the pressure and 
specific volume at the throat. In other words, when critical 
flow was established, the throat velocity was the same as the 
velocity with which sound waves passed through the gas, and 
changes in the pressure beyond the nozzle could no longer be 
“telegraphed” back to the inlet of the nozzle. With a sharp- 
edged orifice, the continuously increasing flow with decreasing 
back pressure is explained by the continuous change in the area 
of the minimum section or vena contracta. 

The derivation of Equation [1], as established by Osean 
Reynolds, can be found in any standard thermodynamics text, 
but no experimental value for the velocity of sound in super- 


‘ heated steam has been published. Therefore it is hoped that the 


3 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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_ present work will help to supply the need for such data. Obvi- 
ously, from Equation [1], if the pressure and specific volume of 
a gas are known, and the velocity of sound can be measured 
accurately, it becomes possible to calculate the value of k, the 
ratio of specific heats at the existing conditions. 


MerHops ror DETERMINING VELOcITyY or SOUND IN STEAM 


In 1812 Benzenberg (2) determined the velocity of sound in 
steam at atmospheric pressure by comparing the frequencies of a 


reed when blown with steam and with other gases. Lucchi (3), in . 


1887, used the well-knqwn dust-figure method for steam at atmos- 
pheric pressure and a few degrees of superheat. The results are 
quite good considering the experimental difficulties encountered, 
but they are only of historical importance. 

Many other methods of producing a sound wave in a gas are 
given in Partington (4), but the quartz-crystal method, developed 
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by Pierce (5), possesses distinct advantages, and is use 
present work. 

The acoustic interferometer is a device for measuri 
length of a standing sound wave, and the general principles jigs 
instrument used in this work are shown in Fig. 1. Fig. 5s 
more detailed diagram of the apparatus. The quartz cry 
caused to vibrate at its natural frequency by an electronis] 
lator or driver, thereby setting up a series of standing wav, 
vertical cylinder, the lower end of which is closed with a mij} 


piston. The top of the piston is exactly parallel to the low) 


face of the quartz plate, which is approximately 1 in. squayf) 
t/; in. thick. When the piston is moved to a position suci# 
the distance between the piston and the quartz crystal] hy 
integral number of half wave lengths, a sharp peak is pro. } 
in the voltage across the crystal. Fig. 1(b) represents a } 
of the voltage across the crystal, plotted in terms of the I 
displacement. The decrease in the voltage peaks is due f 
absorption of the sound in the steam as the piston is mf 
away from the quartz plate. 

The fundamental equation for the velocity of sound ir 
medium is ; 


— 


where 
C = velocity of sound, fps 
if frequency of sound, cycles per sec 
IN wave length, ft 


If the frequency can be measured accurately by electrical mefi 
and the movement of the piston can be measured accuraif} 
the velocity can be calculated readily. 


DESCRIPTION OF APPARATUS 

Because the interferometer is a highly sensitive instrum| H 
the results obtained with it are reliable only if great care is tat! 
in its construction and operation. A description of the apparaf} 


Fic. 2 Genera Virw or APPARATUS 
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ised in the work at Johns Hopkins University will indicate the 
recautions which were taken to eliminate errors due to the con- 
amination of the steam or other causes. Fig. 2 shows a general 
‘iew of the apparatus. Steam from the university power plant 
Tas supplied through a gas-fired superheater. A steam jacket 
ras also used to house the interferometer, to prevent tempera- 
ure variations. The piston rod extends through the bottom 
f the jacket and is connected rigidly to the index head and the 
and wheel by which the piston is moved. 

' The pressure and temperature of the steam wére controlled by 
valves i in the superheated-steam line and in the gas line, while a 
lose regulation of the steam pressure was maintained by regu- 
jiting the rate at which it was allowed to escape through the 
| eating jacket to the atmosphere. 

The electrical apparatus, shown on the right in Fig. 2, con- 
jisted of a shielded driving oscillator, used to cause the vibra- 
jon of the quartz crystal, a crystal-controlled frequency meter, 
| radio receiver, and a galvanometer. 

Fig. 3 shows the assembled interferometer before it is placed 
1 the steam jacket. It is approximately 4 in. diam and 10 in. 
mg. Steam enters through the curved pipe at the top and is 
ischarged through the horizontal pipe at the right side of the 
jody. The connection to the upper surface of the quartz crystal 
}; made through an electrode, consisting of a model aircraft- 
ngine spark plug. 

The component parts of the interferometer are shown in Fig. 


Fie. 3 Acoustic INTERFEROMETER 


Fig. 4 Component Parts or Acoustic INTERFEROMETER 


4. They were machined from stainless steel to prevent oxida- 
tion. The inside of the cap was machined out to form a recess for 
the quartz crystal. A small splash plate, mounted on the lower 
side of the cap, prevented the steam from impinging directly on 
the quartz plate. 

The piston, which was 3/, in. diam, was machined and lapped 
into the body of the interferometer. Great care was taken in this 
operation to keep the face of the piston parallel to the quartz 
plate. A 1/16-in. slot was milled into each side of the piston, to 
provide a keyway to prevent the piston from turning when the 
spindle was rotated, and to give a passage through which the 
steam could escape from the bottom of the acoustic chamber to 
the atmosphere. The spindle and the interferometer piston were 
machined for a standard micrometer screw thread. 

The location of the quartz plate in the interferometer is shown 
in Fig. 5. A slight recess, milled across the face of the chamber, 
provided a passage for the steam to flow under the quartz plate 
and into the acoustic chamber. The quartz pegs, shown in Fig. 
5, were used to keep the plate in a central position. The faces 
of the plate were covered with thin gold films, which were sput- 
tered on in the usual manner. The upper face of the plate, upon 
which the spring electrode rested, was the high-potential side, 
the opposite side serving as the ground electrode. 

After the interferometer had been assembled, it was placed 
inside the steam jacket, and leveled on a horizontal platform 
within the jacket by means of three screws. It was then clamped 
rigidly to the platform. The spindle which projected through 
the bottom of the jacket was then connected by a rigid coupling 
to the index head and the hand wheel by which the piston could 
be moved to any desired position. The steam outlet on the side 
of the interferometer was connected to a pipe coil, which passed 
through the rear wall of the jacket to a valve, by which the flow 
of steam through the interferometer was controlled during start- 
ing periods. 

Since the interferometer screw was subjected to high tempera- 
tures, the expansion of the thread could cause a serious error 
because the half-wave-length intervals of the sound wave were 
only a few thousandths of an inch in length. In order to pre- 
vent such an error, the interferometer screw was calibrated in 
position at three different temperatures by the following method: 
The cap of the interferometer and the quartz crystal were re- 
moved, and a long thin quartz rod was passed through a small 
hole in the flanged lid of the jacket and rested directly upon the 
surface of the piston. The opposite end of the quartz rod was 
connected to a dial gage which had previously been checked 
with a set of standard precision gage blocks. By rotating the 
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handwheel slowly, the index head which was mounted directly 
above it could be checked against the dial gage. A series of meas- 
urements were taken at room temperature and then with super- 
heated steam at 400 F and at 700 F. The expansion of the screw 
thread was then plotted against temperature from the three 
calibrated points and was used in correcting all wave-length 
measurements. 

The temperature of the steam entering the interferometer was 
measured by means of three thermocouples placed 120 deg 
apart and at different depths inside the steam jacket around the 
interferometer. The thermocouples were calibrated previously 
against the ice point, the boiling point of water, and the sulphur 
point. The steam pressure gages were calibrated with a con- 
ventional dead-weight test apparatus before being used. 


METHOD OF OPERATION 


Steam was admitted to the apparatus for a period of approxi- 
mately 8 hr to bring all parts up to the desired temperature at 
a uniform rate. Any sudden increase in temperature caused 
the interferometer piston to bind in the acoustic chamber. Dur- 
ing the warming-up period, the exhaust valve to the interfero- 
meter was opened to allow steam condensate to escape. .When the 
desired temperature was reached, all drain lines to the jacket 
were closed and the exhaust valve to the interferometer was left 
slightly open to indicate that the acoustic chamber was always 
filled with steam. 

The electrical oscillator was then turned on and as it was 
slowly tuned to the natural frequency of the quartz crystal, the 
voltage across the crystal suddenly decreased to a minimum 
value which indicated that the crystal was vibrating at its maxi- 
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mum amplitude, thereby sending out a series of sound waves 
the steam. The face of the piston in the acoustic chamber 
flected the sound waves back to the crystal, thus setting up 
standing waves. | 
By rotating the handwheel slowly, the piston was moved 
the acoustic chamber, and, as it passed each half-wave-leng 
point, the voltage in the crystal circuit increased to a sharp a 
well-defined maximum. A vacuum-tube voltmeter-and-gig}, 
vanometer arrangement was used to detect the voltage peaks. | | F 
‘ Because of the nature of the quartz crystal, a slight change ij, 


However, this change was detected readily by a change in 
pitch of the beat note between the driving oscillator a 
the calibrated crystal-controlled frequency meter attached to t 
broadcast receiver. The variation in steam conditions co 


ciably before the temperature change was large enough to 
observed from thermocouple readings. The beat note and t 
galvanometer were used to indicate equilibrium conditions 
place of the thermocouple because of their sensitivity and qui¢ 
response. 

When a test run was completed, and the steam was turné 
off, the piston would soon bind in the acoustic chamber, due 
the different rates of cooling of the interferometer body and thy 
piston. About 20 hr later, however, all parts of the interfelf{ 
ometer would cool down to room temperature and the piston welll 
free to move. The piston, screw, and body were made fron} 
three slightly different grades of steel to prevent galling or bina) 
ing. No trouble has been encountered from galling of the closell}} 
fitting parts. : 

The range of frequencies ordinarily used in ultrasonic won), 
is from 50,000 to 3,000,000 cycles per sec. At the lower limij}} 
acoustical correction factors must be employed because the sounif} 
wave is not plane. At the upper limit, the length of thé wav! 
is so short there is difficulty in measuring it accurately. In thi 
present work, a crystal was used which had a natural frequencij 
of 575,000 cycles per sec in air at room temperature. i 

The frequency of the sound source was measured with an ac 
curacy of one part in 200,000, while the length of the sous | 
wave was measured to one part in 2000. Since the acoustij 
velocity is the product of these two factors, as given in Equatio 
[2], the actual velocity of sound in steam was measured wit 
high accuracy. : 

The measurement of the steam temperature was accurate t 
0.5 per cent, while the steam pressure was measured with ar 
accuracy of 1 per cent. The effect of pressure upon the velocity 
of sound in a gas is very small. ; 

In takingethe data, 24 to 36 individual measurements of ha 
wave-length intervals were noted and recorded. During eac 
test a continuous check was made of the frequency of the soun 
source. If for any reason there was a change in temperature, the 
results were discarded. 
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TABLE 1 COMPARISON OF EXPERIMENTAL VELOCITY OF 
SOUND IN SUPERHEATED STEAM WITH CALCULATED VALUES 


FROM KEENAN AND KEYES2 
Keenan and Experimental ji 
———— Steam conditions Keyes, “acoustic 
Pressure, Temperature calculated, method,” 
psia deg F fps fps 
24.69 300 1650.19 1649.68 
24.69 400 1756.50 1758.06 
24.69 500 1854.36 1848 .83 
24.69 600 1945.12 1939 .64 
24.69 700 2031.07 2027.35 
24.69 800 2115.65 2107.35 
99.69 400 1727.89 1720.28 
99.69 500 1835.42 1823.09 
99.69 600 1932.23 1923.45 
99.69 700 2020.64 2019.45 


_* “Thermodynamic Properties of Steam,” by J. H. Keenan and F. G 
Keyes, John Wiley & Sons, Inc., New York, N. Y., 1936. 
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EXPERIMENTAL RESULTS 


Table 1 presents experimental values for the velocity of sound 
steam at an absolute pressure of 24.69 psi, and at tempera- 
es ranging from 300 to 800 F. A second set of data is given 
an absolute pressure of 99.69 psi, at temperatures from 400 to 
| F. For the same conditions, values are given for the velocity 
jound as calculated from the specific-volume data given in the. 
jan and Keyes steam tables. The agreement is quite good, 
' maximum deviation being about 12 parts in 1800, at 99.69 
1 and 500 F. 2 

| ig. 6 shows the data plotted with steam pressure as the pa- 
ieter. 


1600 


1700 1800 1900 2000 


VECOC hy (OGe SOUND "FN PER SEG. 


2100 


16 Vevocity or SounD Versus TEMPERATURE AND PRESSURE 
i IN SUPERHEATED STEAM 


Wf agreement is again remarkably good. Data for the 99.69- 
\), 700 F run are given in Table 3, and it can be seen that the 


sec. 
ijhe theory of gases indicates that the velocity of sound should 
ilependent only upon absolute temperature for a perfect gas. 
i) 6 indicates that the dependence upon pressure becomes much 
ller as the temperature of the steam increases, and its be- 
ior approaches that of a perfect gas more closely. © 
‘®o summarize the advantages of the acoustic interferometer, 
# possible to measure the sound velocity with high accuracy 
aout employing large quantities of gas. A new interferometer, 


kcted which uses an acoustic chamber only */s in. diam and 
fin. long. The quartz crystal is '/2 in. diam, and has a natural 

juency of 1,000,000 cycles per sec. 

jh general, even a slight trace of any impurity in a gas will 
r materially the velocity of sound. By using this fact, ultra- 
‘es may be developed as a means of detecting traces of air in 
m, for example. 
xperimental data can be obtained for mixtures of gases, and 
ause of the sensitivity of the equipment changes in composi- 

# can be detected readily. The electrical equipment required 
ot complicated, and only 0.3 volt was needed to keep the 
tal vibrating in superheated steam. The crystal responds 

Hh more quickly in superheated steam than in air, and, 


TABLE 2 COMPARISON OF RATIO OF SPECIFIC HEATS 
ACOUSTIC METHOD Mee VALUES FROM KEENAN 
Y a 


ross Experiment; 
(= Steam conditions Keenan and heauatic = 
Pressure, Temperature, Keyes, method 
psia, deg F k com 
24.69 300 1.316 1.316 
4.69 400 1.310 1.312 
24.69 500 1.304 1.303 
24.69 600 1.297 1.294 
24.69 700 1.290 1.290 
24.69 800 1.284 1.281 
99.69 400 1.303 1.294 
99 .69 500 1.301 1.287 
99.69 600 1.295 1.290 
99.69 700 1.289 1.289 


« “Thermodynamic Properties of Steam,” by J. H. Keena dF 
Keyes, John Wiley & Sons, Inc., New York, N. ¥., 1936. ao 


TABLE 3 SERIES OF ACTUAL MEASUREMENTS OF SUCCES- 
SIVE SOUND PEAKS OR HALF-WAVE-LENGTH INTERVALS 


Screw Screw - Screw 
reading, 1/2, reading, 1/oh, reading, V/s, 
in. in.@ in. in.@ in. in.@ 
0.28182 he 0.28123 sate 0.27995 hot 
0.26038 0.02144 0.25971 0.02152 0.25853 0.02142 
0.23866 0.02172 0.23812 0.02159 0.23694 0.02159 
0.21672 0.02194 0.21665 0.02147 0.21550 0.02144 
0.19500 0.02172 0.19487 0.02178 0.19387 0.02163 
0.17356 0.02144 0.17350 0.02137 0.17229 0.02158 
0.15184 0.02172 0.15186 0.02164 0.15100 0.02129 
0.12997 0.02187 0.13019 0.02167 0.12923 0.02177 
0.10893, 0.02104 0.10877 0.02142 0.10754 0.02169 
0.08694 0.02199 0.08680 0.02197 0.08564 0.02190 
0.06527 0.02167 0.06561 0.02119 0.06437 0.02127 
0.04335 0.02192 0.04374 0.02187 0.04267 0.02170 
0.02142 0.02193 0.02184 0.02190 0.02130 0.02137 
0 0.02142 0 0.02184 0 0.02130 
@ Half wave lengths in inches. 
Nore: Steam conditions: 99.69 psia, 700 F. 


Frequency 560,703 cycles per sec. 
Readings corrected for expansion of interferometer screw thread. 


under certain circumstances the crystal would not vibrate at all 
in the atmosphere, yet no trouble was encountered when super- 
heated steam was used. 

Work has already been performed on certain of the freons, and 
the data on Freon-12 are particularly interesting. The velocity 
of sound in Freon-12 is only about one third as great as that in 
superheated steam. 


CONCLUSIONS 


The agreement of the experimental data presented in Tables 1 
and 2 indicates that the simple acoustic interferometer can give 
accurate values of the velocity of sound in superheated steam. 
The method can be developed readily to such an extent that a 
laboratory technician could operate the necessary apparatus 
without difficulty. 

Future work is planned with steam at higher pressures and 
temperatures than those reported in this paper. It was the in- 
tention of the author in presenting this paper to acquaint engi- 
neers with this particular application of ultrasonic sound waves, 
and to presént for the first time actual measurements of the 
velocity of sound in superheated steam. 
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Discussion 


_ A. G. Curistie.4 The author undertook the developme 
a method to determine the velocity of sound in superheated s 
by ultrasonic methods. It was the intention to develop 
method in order to determine certain of the thermal prope} 
of other fluids that may be used by engineers such, for inst 
as refrigerants. However, superheated steam was selected 
the first experiments as reliable data are at hand in Keenan) 
Keyes ‘‘Steam Tables” against which the author’s results ¢ 
be checked. 

This study required the development of satisfactory eq) 
ment and new techniques. The results, given in Tables 1 
show close conformity with values derived from the steam takly 
Improvements resulting from experiences with the equipr 
described in this paper have led to a greater degree of accu 
on later work by others. This method has been applied sine 
a new fluid with hitherto unknown properties. 


G. H. Van Henceu. This very useful paper fully conf 


by experiment that the old formula of C = V gkPV, as used 
perfect gases, can now be applied safely to the sound-velo 
calculation for steam. 

As this sound velocity is used in the calculation for maxi 
flow through nozzles, it is therefore appropriate to publish 
graphs for the full region of superheated steam as calculated ft 
the Keenan and Keyes Steam Tables. Fig. 9 of this 
cussion gives this value as represented by the author as funct 
of temperature. Fig. 10 gives a clearer picture in which 
sound velocity is a function of the pressure. 
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4 Professor of Mechanical Engineering, The Johns Hopkins 
versity, Baltimore, Md. Fellow and former president ASME. 

5 Kngineer, Production-Mechanical, The Detroit Edison C 
pany, Detroit, Mich. Mem. ASME. 
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Furthermore, a very handy graph is the value of the sound- 
velocity energy as represented in Fig. 11. This graph can very 
well be used to follow the expansion on the enthalpy-entropy 
diagram. 


AuTHOR’s CLOSURE 


The author appreciates the remarks of Mr. Van Hengel in 
regard to this work and also the graphs as shown in Figs. 9, 10, 
and 11. Since the completion of the present work the acoustic 
velocity has been determined for the same steam conditions using 
different frequencies; however, no change was observed in the 
acoustic velocity as a function of frequency of the sound source. 
Further work is being done at Rice Institute both at high steam 
pressures and temperatures in order to complete Mr. Van Hengel’s 
statement regarding the use of the perfect-gas equation. For 
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practical purposes the perfect-gas equation can be used but 
accurate work particularly at high pressures simple correc 
factors will have to be used. 

Professor Christie’s remarks are rather interesting; howey@} 
it should be. pointed out that the author realized the degreej 
accuracy of the experiments which were consistent with 
accuracy of existing PVT data. Therefore increased accur} 
over the present method would be of little value. It is v 
simple to increase the accuracy of the experiments by us 
optical methods such as Haidinger fringes to measure the hi? 
wave-length interval which the author originally considered 1f? 
did not use for the foregoing reason. ae | 

The author has completed a series of experiments on the use 
Freon 12 in regard to the acoustic velocity with the appara)’ 
as shown in Figs. 7 and 8 which will be published at a later da ii 
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Jet Mixing of Two Liquids 


, By R. G. FOLSOM? anv C. K. FERGUSON, BERKELEY, CALIF. 


ifhe problem of mixing or blending in a tank of two or 
jore liquids of low viscosity and the same density has been 
vestigated in terms of available information on turbu- 
jit fluid jets discharging into a very large volume. Under 
jf assumption that all fluid inducted into the jet is 
xed completely, the effectiveness of any arrangement 
4s been expressed in terms of a performance parameter 
\:ich is defined as the gallons per minute of fluid inducted 
> horsepower supplied. The calculated results for a 
jge gasoline-blending tank demonstrate the superiority 
performance of the propeller-type mixer over typical 
is produced with transfer-pump and pipe-line equip- 
mt. The economics of the installation and operation of 
1ipment were not included. 


NOMENCLATURE 


“he following nomenclature is used in the paper: 


factor of proportionality between velocity and dimension 
ratio, dimensionless 

{= width of jet in radial direction, ft 

|= factor of proportionality between jet axial distance xz, and 

jet width b, dimensionless 

= diameter, ft 

l= hydraulic head, ft-lb/Ib 

I power, hp (prime indicates ft-lb/sec) 

i= flow rate, gpm (prime indicates cfps) 

= radius, ft 

= axial velocity, fps 

|= radial velocity component, fps 

f= specific weight, lb per cu ft 

}= axial distance from plane of jet orifice, ft (prime indicates 

distance from theoretical jet origin, ft) 

= (ro —r)/ro, dimensionless 

= unit shear force, lb per sq ft 

i= density, slugs per cu ft 

j= kinematic viscosity, sq ft per sec 

= stability parameter, dimensionless 

= hydraulic efficiency, dimensionless 


scripts: 

= center line 

= average as specified 

= total input to system 

= jet orifice condition 

= induced flow property 

= critical flow value 

= in plane perpendicular to jet axis at distance x 


~ 


‘This paper under the title, ‘“Mixing of Fluids by Inductors,” 
presented in preliminary form by the Process Industries and 
Jraulic Divisions at a meeting of the Los Angeles Local Section, 
,. 4, 1947, of Tae American SocieTy OF MercHanicaL ENGI- 
‘RS. 
Professor of Mechanical Engineering, University of California, 
n. ASME. 
Research Fellow in Fluid Mechanics, University of California. 
_ ASME. Present address: California Research Corporation, 
Habra, Calif. 

‘orm: Statements and opinions advanced in papers are to be 
‘erstood as individual expressions of their authors and not those of 
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suction line to transfer pump 
discharge line from transfer pump 
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INTRODUCTION 


Mixing of two or more liquids in a large tank may be accomp- 
lished with a variety of devices and by several procedures. If the 
liquids are miscible,:they are frequently mixed by the turbulent 
action of a relatively high-speed jet of liquid, discharging into a 
region of slowly moving or stationary liquid. Because of the 
several different methods of producing a high-speed jet, designers 
and engineers who select and specify mixing equipment require a 
knowledge of the fundamentals of jet operation. A method of 
estimating jet-mixing performance is developed in this paper. 

Propeller-type agitators are common in laboratory and field 
installations. These agitators produce a large-diameter jet of 
liquid which is carried by propeller-supplied momentum into 
regions of fluid having little motion. A similar effect may be 
achieved by a high-speed jet of liquid discharging from a nozzle, 
a system which appears particularly attractive where existing 
pumps and pipe lines offer a working arrangement for a minimum 
capital expenditure. 

The method of analysis presented in this paper was developed 
from existing theory and experimental data on fluid jets for the 
purposé of evaluating comparative economies of the different 
mixing procedures. The analytical developments lack direct 
experimental confirmation, but they are believed to be of suf- 
ficient value to warrant the presentation of a summary treat- 
ment. An experimental program is to be undertaken. 


CONDITIONS 


The general problem, with allowable simplifications necessary 
for an analytical analysis, will be formulated on the basis of 
avialable experimental information and qualitative observations 
of water jets and dye in a transparent container. The maximum 
rate of mixing takes place in the highly turbulent jet. It will 
be assumed that the fluids to be mixed are of approximately the 
same specific gravity, and that all fluid inducted into the tur- 
bulent jet in a distance specified by tank geometry will be mixed 
uniformly with the driving fluid. Observations indicate that 
the mixing of fluid accomplished in regions outside the turbulent- 
jet boundaries is negligible. Circulation currents aid in efficient 
mixing, but their direct contribution to mixing is small in com- 
parison with that caused by the violent agitation in the turbulent 
jet. The circulation results from pressure gradients in the flow 
system, but since the circulation velocities are small compared to 
the jet velocities, the pressure gradients will be negligible. 

Many data are available regarding the mixing process for a jet 
of gas discharging into a stationary gas infinite in extent with no 
appreciable pressure or temperature gradients (1, 2).4 In this 
case the gas acts as an incompressible fluid, and the results are 
dynamically similar to those for corresponding flow of liquids at 
the same Reynolds number. Since the Reynolds numbers con- 
cerned are large, no appreciable differences are expected over the 
range of values considered. The data and methods for gases 
will be applied directly to the liquid-mixing problem. 

The total amount of fluid picked up by the jet and mixed with 


the jet fluid through the action of turbulence increases as the 
& 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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distance from the jet source increases. It seems desirable to 
formulate a parameter (stability) which will indicate the distance 
over which appreciable turbulent mixing action takes place. 
For a free turbulent jet, all types of usual stability parameters 
tend to remain constant with distance from the jet source, thus 
providing no useful information regarding the mixing process. 
The limit of effective turbulent mixing will be specified in terms 
of the geometry of the tank and the jet. 

As a measure of the effectiveness of the mixing process, the 
performance parameter for mixing is defined as the quantity rate 
flow of the induced liquid per horsepower input into the liquid 
jet, Q,/Pin. In order to give an over-all performance parameter, 
the horsepower input is taken as the input to the device producing 
the jet. 


Tue FREE JET 


The ideal symmetrical free jet is one that issues from a point 
source into an infinite fluid of identical properties at rest. The 
actual approximation to this condition is shown in Fig. 1 in which 
the jet issues from an orifice of finite diameter. Kuethe (3) has 
shown that velocity distributions in the real jet correspond to 
those of the ideal jet for distances from the-source greater than 


G VELOCITY -U, 


Fic. 1 Spreap or SYMMETRICAL TURBULENT JET AND CENTER-LINE 
VeLocity DISTRIBUTION 
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(From: Tollmien’s solution for the symmetrical free jet.) 


about 8diam. Beyond this location the axial velocity is inversely 
proportional to the distance from the origin, x’. In the region 
less than 8 diam from the orifice, the jet of uniform’ ve- 
locity fluid gradually approaches the free symmetrical jet-velocity 
distribution shown in Fig. 2. The region between the origin and 
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a distance of 8 diam contains a central core of uniform velo}ff), 
for some 5 diam, as shown in Fig. 1. For usual mixing arrasff 
ments, the initial length of 8 jet diameters is a small propor 
of the total stream length. Consequently, solutions developed 
Tollmien (4) for the ideal free jet may be applied for distar 
greater than 8 jet diameters downstream, when modified nun 
cally to agree with averaged experimental values. Toll 

based his calculations upon the Prandtl mixing-length theory} 
with the added assumption that-the mixing length is dire 
proportional to the width of the jet; thus 


er, 


since the jet of incompressible fluid expands at a uniform raj 
With application of the principle of conservation of moment: 
and the condition that viscous forces are negligible, the ‘ay | 
Stokes equation for symmetrical flow becomes ii 


12 
A 0 T 
r Or 


Tollmien’s solution is given in Fig. 2. 

The experimental data of several] authors for air jets pro i : 
adequate demonstration that the theory closely checks actualim} 
The constant c, in Equation [2] appears to be in the nature of 
universal constant. The extrapolation to liquids appears vali; 
although jacking in experimental verification. 

In order to provide working equations describing the geomeii} 
and flow conditions of the jet, the experimental results have bel] 
combined with the theoretical solutions to provide numerid} 
equations. The radius of the expanding jet at any axial di 
tance zx, is thus approximated by 


i} 
Thus the free-jet origin seems to coincide with the plane of i 
jet orifice, a coincidence not predicted by theory. From theof} 


the center-line velocity is expressed as 
U. =O Dif Uy dene a a! 


where C, is a constant to be evaluated from experimental dati} 
Using the experimental results of several investigators, as 
ported by Cleeves and Boelter (1) the center-line velocity di 
tribution for values of x/D, greater than 8 is . 
UG = 5.13: (D7 kn) Ue ae 

The values in Equation [6] are equivalent to adopting an avera 
welocity of 0.422 U., compared to an average velocity comput 
from the Tollmien velocity distribution of 0.328 U,. Equatie 
[4] and [6] represent to +8 per cent the available experimen’ 
data. 
The solution may be employed to predict the rate of inducti 

of fluid into the turbulent jet from the surrounding quiet: flu 
In terms of the volume rate of flow in the jet Q,’, the indue 
flow is 


Q = 


The power in the jet is 
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| 
wre the continuity relationship is 
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JET DIAMETER — D FT 


13 Q; Gpm/(PoHP)'/3 Versus JET DIAMETER, Do FT, CALCULATED 


FOR GASOLINE OF SPECIFIC WEIGHT 47.3 PCF 


The maximum performance parameter for mixing may be 


#vn to occur at x = 17.1 D,. 


ponents become gradually smaller. 


Limits oF TURBULENCE 


3 the jet flows away from the origin, the fluctuating velocity 
According to data of 
‘sin (2), maximum longitudinal fluctuating velocities remain 
bout 25 per cent of the center-line velocity for distances 


Hter than 8D, to the limit of experimental data (about 40 


). Therefore the turbulence intensity decreases in a hyper- 
+ relationship as does the center-line velocity. 
nat the turbulence will remain a constant proportion of the 
enter-line velocity may be predicted from a consideration of a 
ility parameter. A suitable stability parameter (5) is defined 


ae —'r)2 dU /dr 


v 


r 


nich (r,, — 1) represents the distance from the jet boundaries; 
Ivelocity gradient, dU/dr, is proportional to the shearing 
\s; and the kinematic viscosity is v. This parameter repre- 
a ratio of unstable and stable forces. For a jet, in which the 
insionless velocity profiles at any distance z, are similar, 
hrm of the stability parameter may be plotted in dimensionless 
as in Fig. 2. The dimensionless location of the maximum 
ity parameter at a given value of z, and the magnitude of 


imensionless velocity gradient at that point may be sub- 
ited into Equation [9] to obtain, 
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jhe stability parameter, similar to the Reynolds number, has a 


rit 


sition value above which the flow will be fully turbulent. 
) critical value has been evaluated from pipe-flow conditions 


fH~ 


600, corresponding to a Reynolds number of 2100 in a 


: 


_ from the jet nozzle. 
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pipe. The approximate magnitude of this critical stability 
parameter has been checked by calculating \ corresponding to 
locations in the jet for which Corrsin (2) has given oscillograms. 
The agreement is satisfactory, as bursts of turbulence occur at a 
Reynolds number of 2640, and no turbulence but occasional 
fluctuations are still visible at Reynolds number of 428. Near 
the outer edges of the jet, where the stability parameter  < 600, 
it appears that a region of induction of fluid by viscous flow sur-. 
rounds the central turbulent core. Investigation of the flow 
through the annular viscous ring indicates that, for cases in large 
tanks, less than 5 per cent of the total fluid flowing is in the 
viscous envelope. .As a result, satisfactory calculations may be 
carried out on the basis of Equation [4] for the mixing process, 
assuming that all induced fluid is mixed by turbulence. 

Equation [10] shows the maximum magnitude of the stability 
parameter to be independent of x. This result is based upon the 
solutions for completely turbulent jets in which viscous forces are , 
neglected as being of low order of magnitude. The decay of the 
expanding turbulence is not predicted but physical considera- 
tions indicate that a maximum distance must exist beyond which 
the mixing through turbulence mechanisms is no longer pre- 
dominant. Experimental data for air extend over 40 diam 
In that distance appreciable viscous effects 
are unobserved. For fluids such as gasoline and water, where the 
kinematic viscosity is 1/1 that of air, the applicability of the 
results should extend to greater downstream distances. 

Experimental and theoretical information presently available 
provides no means of estimating the length of jet in which effec- 
tive turbulent mixing is accomplished. In an enclosed tank with 
a jet issuing perpendicularly from the wall, the jet mixing is 
considered to proceed across the tank to the point where recircula- 
tion currents predominate. For a full circular tank of about 1 
radius depth, the effective jet-mixing length is estimated to be 
about 75 per cent the tank diameter. At this distance, the re- 
circulation currents begin to reduce the fluid-induction process 
to a negligible amount. 

Making use of the analogy between momentum, heat, and 
mass transfer, it is possible to state that the form of the concen- 
tration distribution in the jet-mixing core will be similar to the 
velocity distributions. From Equation [6] the center-line veloc- 
ity at 100 jet diameters will be 0.051 U,, and the corresponding 
average velocity at that distance will be 0.021 U,. The con- 
centrations at this section will possess a similar distribution. 
This consideration justifies the assumption previously stated 
that all fluid inducted into the jet would be completely mixed 
in the effective mixing distance. 


Typicat Mixinc PRoBLEM 


The specific problem of mixing hydrocarbons such as gasolines 
in large tanks will be investigated. Two possible methods of 
mixing will be considered. The first example will assume an 
installation with existing transfer pumps and pipe lines. The 
second example will treat the same mixing problems when using 
propeller agitators. 

The induction of surrounding fluid into the turbulent jet will 
be considered to extend across the tank to 75 per cent of the tank 
diameter. All fluid which has thus entered the jet will be con- 
sidered completely mixed, and such mixing as takes place in the 
recirculatory process will be neglected. Questions of jet location 
and direction are admittedly important, but are not included in 
the analyses, which assume jets discharging perpendicularly 
from the tank wall and directed along a tank diameter. 

As a typical example, consider a 100-ft-diam petroleum storage 
tank containing gasoline of 2.7 X 1075 sq ft per sec kinematic 
viscosity. A low specific speed (810) centrifugal transfer pump 
is connected to the tank by 2100 equivalent feet of 12-in. suction 
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line, and the same length of 10-in. discharge line. The transfer- 
pump characteristics are given in Fig. 4. The friction factor in 
the Weisbach equation 

LV? 

tT 95 

for the transfer lines may be taken as 0.02 for a flow range of from 
200 to 1200 gpm. Considering the equivalent length of transfer 
line and a nozzle (diameter of D, ft) at the discharge, the pipe- 
line characteristic is 


which may be rewritten using the continuity expression, Q,’ = 
(D?/4) V, as 


° 160,"7 fli “fle | 
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For the given example, substitution of numerical values results 
in 
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for Q, expressed in gpm. 


Operating Speed - 2500 rpm 
Specific Speed - 810 ! 
w = 47.3 Ibstt? 


200 400 600 600 1000 


Capacity - GPM 


Fic. 4 ApPpLicaATION EXAMPLE OF TRANSFER-PuMP PERFORMANCE 
Curves With Hrsap CHARACTERISTICS PLoTrEp VrerRsus FLOW 
Rate, Qo GPM 


(Pump operating speed 2500 rpm, specific speed 810, pumping gasoline of 
specific weight, w = 47.3 pef, through 2100 ft of 12-in. suction line and 2100 
ft of 10-in. discharge line.) 


The system characteristics, Equation [13], for several jet- 
nozzle diameters are plotted on the pump-performance curve, 
Fig. 4. The intersection of the system and pump characteristic 
curves provides the discharge rate, Q, gpm, from which the 
hydraulic power (kinetic-energy rate) in the jet at the nozzle 
discharge may be calculated 


= Qt 1078 
° = 41,600 D,' Dietk 5 etc 1s ie ee 


For a 100-ft-diam tank, the estimated effective mixing dis- 
tance is 75 ft. Data from Fig. 3 provide the quantity Q,/P,’/ us 
from which the induced flow, Q, gpm, may be calculated, using 
the hydraulic power P,, from the solution of Equation [14]. The 
performance parameter Q,/Pin, is the result of the final calcula- 
tion. 

In this manner the curves of performance parameters; Oy) Biss 
versus jet-nozzle diameter P,, for various mixing distances aes 
were calculated for Fig. 5. Comparison of the typical jet-char- 
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acteristic curves of Fig. 3 reveals the large influence of the pp 
and pipe line on the system performance. In Fig. 5 the cri 
importance of choosing the correct jet diameter is apparent. 
the jet alone, the ideal arrangement is to use large jet diame 
and flow rates. For such operation, the high-head low-spe 
speed transfer pump is unsatisfactory, as is illustrated by, 
low efficiency in the desired operating range. 
desirable large flow rates result in large head losses with the | 


eae 


| 


In addition, §) 


pipe lines. ih 
2000 th 
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Fig. 5 Invucep Fiow, Q; GPM, PER Hp Input To Pump, Pin 
Versus Jet DIAMETER FOR VARIED FREE-JET DISTANCES 


(Plotted for gasoline, w = 47.3 pcf, and pumping system of 2100 ft of 13 4 
suction line, 2100 ft of 10-in. discharge line, and transfer pump of spe) 
speed 810.) i} | 


From Fig. 5 it may be observed that an optimum perfojf} 
ance of 1400 gpm per hp at x = 75 ft is obtained for a jet diama}j 
From Fig. 4 the corresponding power inpu¥}} 


of about 1/¢ ft. 
the pump is 89 hp. 


For a comparative evaluation of this over-all performar i 


at the jet discharge. i}, 


; 
assume the 89-hp expenditure were available as hydraulic po 
F 
| 


From Fig. 3 an ideal induced flow.rate may be ealculatedf 
follows: 


For D, = 0.166 ft and x = .75 ft 
Q, | 
(*) = 32,600 | 


iP = 89 hp | 
Q, = 32,600 x (89)'/* = 146,000 gpm 


SE 


Since 


The performance parameter is 


146,000 


= 16 
39 30 gpm per hp 


Another basis of comparison would be to assume the hydray 
power of 89 hp available at the jet but to employ the optimel 
jet diameter of 4.38 ft, as shown in Fig. 3, for a 75-ft mixing ¢ 
tance. Calculations similar to the foregoing establish the thi 
retically best performance parameter for this arrangement ||| 
3610 gpm per hp. i} 

Investigations indicate that mixing may be improved by us} 
high-specific-speed pumps. These pumps would allow efficid 
use of larger jet nozzles. Installation of a single central hig} 
specific-speed pump to replace the transfer pumps is a possibil#! 
which could be considered in an economic analysis. 


A second method of mixing is by the use of shrouded or uh 
shrouded propellers mounted within the tank. The same type}! 
analysis can be used to evaluate the essential characteristics of al 


process. The rotation of the discharge jet may be neglected._ || 
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has been shown that a large-diameter jet is desirable, and tif 


hi 
I 
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been selected as an example. 


\|required to complete the mixing process. 
jupon the degree of uniformity desired throughout the tank. For 


iBreturns to the jet region. 


ad 


FOLSOM, FERGUSON—JET MIXING OF TWO LIQUIDS 


TABLE 1 RESULTS OF PERFORMANCE Gen EONS FO 
VARIOUS MIXING METHOD 2 
ore. 
parameter, Relative 
Mixing equipment gpm/hp performance 
1 Optimum mixing (Do = 4.38 ft)........... 3610 1,00 
2 Propeller—22 in. diam, 60 per cent efficient 2810 0.78 
Hemvet.only—Do = 1/¢ft. .ccccccucescucueces 1630 0.45 
4 Transfer pump and lines, Do = WHE RUE meee 1400 0.39 


propeller produces such a jet with a power loss due only to the 
driving system and propeller inefficiency. 

A 22-in-diam unshrouded propeller, operating at 60 per cent 
over-all efficiency (including motor losses) and in the same tank, has 
From Fig. 3, with D, = 22/12 ft, 
= 75 ft, and for the hydraulic power of 0.6 X 89 hp, the per- 
formance parameter for the propeller mixer is 2810 gpm per hp. 


}A comparison of performance parameters indicates the propeller 


mixing to be twice as efficient as the arrangement of transfer 
lines and pump. 

The summary results of the calculations for the optimum per- 
formance of the several mixing methods as applied to the example 


jinstallation are given in Table 1. 


The previous analysis did not attempt to specify a total time 
This time is dependent 


ithout power expenditure. Quite apart from such considera- 
tions, considerable data are required before an accurate predic- 
tion of the concentration-time gradient at various points in the 
ank can be made. Owing to the complicated circulation flow 
pattern, the fluid in the center portions of the tank will enter 
and leave the jet region several times during the period in which 
the fluid near the tank wall follows the contour of the tank and 
As a consequence, several multiples of 
‘the entire tank volume must pass through the jet mixing before 


jJadequate uniformity will be obtained. 


The total time required for an equivalent tank volume to pass 
through the jet may be calculated from the performance parame- 
ter. With this magnitude as a reference, the sparse data, given 


|} by Bissell, (6), for a propeller-mixing process indicate that at least, 
}10 equivalent tank-volume turnovers are required for adequate 
) mixing of gasoline constituents in large storage tanks. 


Considering again the typical problem using transfer pump 
and pipe lines, the time required for 10 equivalent tank-volume 


fay 


turnovers of the 3,200,000-gal tank volume is 


3,200,000 x 10 
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4 hr 17 min 
while for the propeller installation using the same power, the 
time requirement is reduced to 128 min or 2 hr 8 min. 

Without adequate transient-concentration data taken under 
controlled conditions, the calculation of mixing times is prin- 
cipally comparative. Alternative systems may.be compared, 


however, and the basis for an economic comparison has been 
established. 


CONCLUSIONS + 


The existing theoretical and experimental data for a free tur- 
bulent jet are applied to the problem of jet mixing of fluids in 
large tanks. The results expressed in terms of a performance 
parameter are restricted to mixing similar fluids of low viscosity, 
but include the effect of jet-nozzle diameters, flow rates, and ef- 
fective mixing distances. The calculated performance parame- 
ters for different types of auxiliary equipment indicate the su- 
periority of propeller mixers over the other .types of jet-mixing 
installations considered. 
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_ The indication of aircraft-engine oil and fuel pressures 
jresents numerous problems. A brief study of existing 
jages shows that the two most serious problems are low 
jemperature and engine vibration. A new gage has been 
eveloped to overcome these difficulties. The gage utilizes 
} second-harmonic remote-indicating system which is 
jmique in that only one lead wire and ground return are 
jequired between indicator and transmitter. 


oO 
INTRODUCTION 


HE measurement of oil and fuel pressure on aircraft engines 
, has been accomplished by gages which can be classified into 

two broad groups, namely, direct-reading and electrically 
smote-indicating. 
The direct-reading gages are used in two ways. One way is to 
onnect the gage to the oil or fuel line through a capillary tube. 
Vhile this method is simple, it has the disadvantages of difficult 
istallation on multiengine airplanes, of possible loss of indica- 
‘on at low temperatures due to the oil congealingin the capillaries, 
nd of a fire hazard if accidental leaks occur. 
In order to overcome some of these difficulties, another method 
f using direct-reading gages has been developed. This 
nethod uses a diaphragm in the oil and fuel capillaries near the 
gine to separate the oil and fuel from a special liquid which 
lls the remainder of the capillaries between the separating dia- 
agms and theinstruments. This transmitting liquid does not 
mgeal at low temperatures and does not present a fire hazard. 
‘therefore it overcomes two of the difficulties encountered with 
xe first method. However, two other difficulties arise. During 


led from the capillaries connecting the separating diaphragms 
) the indicators, an operation which takes an appreciable amount 
f time. The other difficulty is that any appreciable leakage in 
ne capillaries or connections between the separating diaphragms 
ad the indicators. causes erroneous indications which may be 
hore dangerous than no indication. 

The remote-indicating systems, consisting of a transmitter 
ear the engine, connected electrically to an indicator on the 
istrument panel, overcome most of the difficulties of direct- 
,ading gages. However, up to the present time, the transmitters 
suld not be mounted directly on the engine because the severe 
agine vibration caused bearing failures in the transmitter. 
ocating it at a point near the engine where vibration is not so 
byere requires at least a short length of capillary. Although 
iis can be in an area which is kept heated after the engine is in 
eration, failure of indication may occur when starting the 
gine in cold weather. Engines have been ruined under these 
ynditions when lack of indication was attributed to frozen oil in 
1e capillary but was actually caused by dangerously low oil 
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ic Company. ah, 
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istallation, and also when changing an engine, the air must be. 


A Remote-Indicating Pressure Gage 
for Aircraft | 


By R. G. JEWELL,! LYNN, MASS. 


A real need therefore exists for a remote-indicating gage hav- 
ing a transmitter mounted directly on the engine. Such a trans- 
mitter must be capable of withstanding vibration accelerations 
up to at least 100 g. The ideal transmitter to withstand severe 
vibration is one which has neither bearings, gears, linkages, nor 
make-and-break contacts, and which uses a minimum number of 
connecting leads. The remote-indicating circuits previously 
available have all used either rotary motions requiring bearings 
and gears or linear motions, involving close clearances or make- 
and-break contacts. % 

Early in the?development of the transmitter for direct engine 
mounting, it became evident that a short linear motion should 
be used and that this should act directly on the electrical system 
to eliminate all bearings and linkages. Furthermore, the elec- 
trical system should have only one lead wire connecting the 
transmitter to the indicator so that a good solid connection to a 
terminal stud could be used. Failure of this one lead due to 
grounding or breakage should not cause a false indication but 
should cause the indicator pointer to move to an off-scale posi- 
tion. 

A remote-indicating pressure system meeting these require- 
ments has been developed and tests have proved that the de- 
sired advantages have been obtained. This system makes use of 
a bellows-operated transmitter which utilizes the so-called second- 
harmonic principle? to transmit a signal to a ratio-type indicator 
on the instrument panel. This principle requires a source of alter- 
nating-current power for its operation and the present equip- 
ment is designed for 400-cycle power supplies. : 

In describing this system, the recently introduced method? for 
analyzing measurement equipment is useful in gaining a clear 
understanding of its fundamental functions. As shown in Fig. 1, 


2“‘Magnesyn Remote Indication,’ by R. S. Childs, Electrical 
Engineering, vol. 63, 1944, pp. 679-682. 

3 “Functional Analysis of Measurement,’ by I. F. Kinnard, Elec- 
trical Engineering, vol. 66, 1947, pp. 11-15. 
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itis divided into three functional groupings, namely, the primary 
detector, the intermediate means, and the end device. 


PRIMARY DETECTOR 


The primary detector is a bellows which was developed spe- 
cifically for this gage. The spring rate of the bellows is such that 
it requires no control spring, and the deflection with rated pressure 
applied is approximately '/isin. Life tests made by cycling the 
bellows from zero to rated pressure and to zero show that several 
million cycles are necessary to show any evidence of failure. 

The oil-pressure bellows is designed to operate with the pressure 
applied to the outside so that as the pressure is increased the 
bellows plates come closer together. The clearance between 
plates is controlied so that at a little over full-scale pressure, 
the plates contact each other. Overpressure has no further effect 
on the deflection and stops are not necessary. This is important 
on the oil-pressure bellows, since a thrust of 600 lb would have to 
be taken by an overload stop and such a stop would add ‘consider- 
ably to the weight and size of the transmitter. 

The fuel-pressure bellows on overpressure test exerts a thrust 
of only 25 lb so that a conventional stop can be used and this 
allows the pressure to be applied to the inside of the bellows. 


INTERMEDIATE MEANS 


The intermediate means as shown in Fig. 1 consists of a satura- 
ble reactor B, two movable permanent magnets D, and a power 
source C. 

The two movable permanent magnets are positioned with 
respect to the saturable reactor in response to the deflection of the 
primary detector. The unidirectional flux from the permanent 
magnets is superimposed on the alternating flux in the saturable 
reactor core and produces a second-harmonic component in the 
current which is utilized by the end device to give a unidirectional 
flux. This unidirectional flux in the end device exerts torque on. 
the magnet attached to the indicator shaft. The manner in 
which this unidirectional flux is produced is best understood by a 
study of the simplified system shown in Fig. 2. 


CURRENT DIRECTION FOR CURRENT DIRECTION 
GREATEST SATURATION FOR LEAST SATURATION! 


NET COMPONENT OF FLUX IS 
IN THIS DIRECTION 


‘PERMANENT 
MAGNET 


GENERATOR RECEIVER 


Fic. 2 Srmpiirrep Srconp-Harmonic Systpm 


The cores (a) and (b) in Fig. 2 are identical cores of ferro- 
magnetic material. It is desirable that these cores have high 
permeability so that they will saturate at a low value of mmf. 
With no permanent magnet near core (a) the alternating-current 
voltage is adjusted so that the current which flows is sufficient 
to saturate the core inside the winding during that part of the 
cycle when peak current flows. Since both cores (a) and (b) are 
similar and have similar windings, they both saturate similarly. 
That part of the core which is not inside the winding has several 
times the cross section of that section which is inside and there- 
fore does not saturate. The flux must cross the air gaps (g,) and 
(g2) and therefore a field extends out into the space surrounding 
each gap. If the voltage impressed on the.terminals is sym- 
metrical about the zero axis then the flux crossing the gap is 
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symmetrical about the zero axis and there is. no unidirection 
component of flux. 

With a permanent magnet near core (a), as shown in Fig. 
unidirectional flux from the magnet links the core as indicat i 
The air gap (g:) prevents all of the permanent-magnet flux frome 
being shunted by the bottom leg of the core and therefore fl 
from the magnet also goes through that part of the core which) 
surrounded by the winding. During the half-cycle when t 
alternating current is in the direction indicated for great ‘i if 
saturation, the permanent-magnet flux is added to the alte’ 
nating-current flux in the top of the core and causes it to satura) ; 
much earlier in the cycle than before the permanent-magnet flug! 
was added. During the other half-cycle, the alternating-currez i 
flux and magnet flux through the winding are opposed, and satugy’ 
ration is either prevented or reduced to a smaller part of the cyclif! 
It is true that the two fluxes add in the lower part of the core dui? 
ing the second half of the cycle, but the cross section of this part 
the core is made large enough so that saturation never occurs. _ 

The saturation at the top of core (a) causes the peak currer 
to increase above normal. This current flows through the 
on core (b) and causes the top of this core to saturate for nearl 
the same length of time as in core (a). During the second halif} 
cycle, the peak current is less, which either prevents saturatio! | 
altogether or reduces the saturation to a smaller part of the eyele 
If a direct-current.ammeter is placed in series with the li i! 
supplying power to this system, it is found that no reading is obj} 
tained, which means that although the peak value varies, thij) 
average value (or the area) of the positive and negative halve} 
of the current cycle are equal. However, because of the saturatio ! i 
of the core during the positive half of the current cycle and n 3 
during the negative half, the average value of the flux (or ared 
under the curve) during the negative half. will be more tha 
during the positive half. This is shown in Fig. 3. 

The result is a net component of flux in the direction shown om} 
core (b) in Fig. 2. Increasing the permanent-magnet flux in cord} 
(a) increases the net flux in the direction shown on core (6) i; 
Reversing the magnet flux in core (a) will reverse the direction o} 
the net flux in core (6). Thus flux rectification is obtained b 
using a nonlinear magnetic circuit, whereas current rectification 
could be obtained in the same system by using a nonlinear re } 
sistor in series with the line. If the resistance-decreases with arf 
increase in current as most nonlinear resistors do, the direction o4f 
the flux obtained in ‘core (6) by this means would be opposite taf 
that obtained by the flux rectification just described. i 

The principle of flux rectification described is sometimes called } 
the second harmonic principle because the current which flows} 
has in it a large component of a frequency that is twice that of thal} 
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Fie. 3 Curve Inuusrrating Fuux REcTIFICATION 

(The smooth curve represents sum of a fu 

e ndamental and a second-harmonic} 

current. Curve enclosing cross-hatched area represents flux which this 
current produces in a core which saturates at 750 lines.) 


\wer supply. For simplicity, the saturable reactor which causes 
je second-harmonic component of current will be called a 
‘\enerator” and the saturable reactor which makes use of the 
if Datmonic component of current will be called a ‘‘re- 
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tha G, a permanent magnet F, a ne and scale J, and a pone 


lio 


id device must be round, continuous, and centered with respect 
the shaft which carries the permanent magnet so that the 
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d this in turn will produce an unwanted torque on the mag- 
jet. The purpose of the balancing winding shown in Fig, 4 
|, to get a constant value of magnetomotive force per degree of 
jagle around the core. 

4 The torque-producing winding of the receiver is connected in 
ries with the generator winding. The operation is then similar 
) that in Fig. 2. The permanent magnet of the generator pro- 
juces a higher value of saturation in both cores for one direction 
; current, as indicated by the arrows in Fig. 4. The average 
jalue of flux for this direction of current flow will then be less than 
1e average value of flux for the next half-cycle when the direc- 
lon of current and flux is reversed. The indicator magnet will 
ign itself with the highest average value of flux as shown. The 
brque produced will be proportional to the value of permanent- 
hagnet flux in the generator core and also to the sine of the angle 
letween the indicator magnet and its position of equilibrium 
jown in Fig. 4. If the generator magnet is reversed, the maxi- 
1um saturation occurs on the opposite half-cycle, and the indi- 
ator magnet will rotate 180 deg. 

' Two sets of the receivers of Fig. 4 are used in the end device, 
‘he two receivers are mounted with the coils of one receiver 
btated 90 deg with respect to the coils of the other receiver. 

' One generator H in Fig. 1, similar to the intermediate means, 
; mounted in the indicator case and has a permanent magnet, 
. which is adjustable manually for calibration purposes, but 
therwise is fixed. This produces a net component of flux in the 
eceiver E of constant magnitude, except for variations in supply 


‘oltage and frequency; hence the name “fixed-vector generator” ; 


as been applied to it. 


" mitter. 
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_ The other receiver G which is connected to the intermediate 
means produces a unidirectional flux of a magnitude and direction 
depending upon the position of the permanent magnets D. This 
flux is at right angles to the flux produced by receiver E, and com- 
bines vectorially to give a resultant along which the magnet F, 
alignsitself. The pointer J is therefore positioned according to 
the position of the magnets D. Inasmuch as the position of 
magnets D is determined by the pressure applied to the primary 
detector, the scale is calibrated in terms of pressure units. 


TRANSMITTER 


The primary detector A, in Fig. 1, and the saturable reactor 
B, and magnets D, are assembled into one case and termed a trans- 
The external appearance of the transmitter is shown in 
Fig. 5. One end of the magnet support is fastened to the bellows 
as shown in Fig. 1, and the other end is supported on a G-shaped 
spring which allows motion in the direction of bellows deflection 
but prevents other motion. Guide bearings are not required and 
close clearances are not necessary. Only one external connec- 
tion lead is required. The design therefore satisfies the require- 
ments for direct engine mounting. 

The transmitters of the same pressure rating must be inter- 
changeable with each other and therefore require adjustments 
to take care of the variation in bellows lengths‘and spring rates. 
For a given deflection of the bellows, the change in output of the 
transmitter is increased by decreasing the distance between the 
two permanent magnets. The output at zero pressure is set by 
moving the generator core with respect to the two magnets. 

Direct engine mounting requires the transmitter to operate at 
temperatures as low as —55 C and as high as 125 C. The strength 
of the permanent magnets decreases as the temperature is in- 


Fic. 5 InpicaToR AND TRANSMITTERS 


(Differential fuel-pressure transmitter is at left and oil-pressure transmitter 
is at right.) 


creased. Compensation for this change is obtained by inserting 
a temperature-sensitive magnetic alloy in the air gap of the gene- 
rator core. This shunts a portion of the permanent-magnet 
flux from the winding. Less flux is shunted at the higher tem- 
peratures, thus compensating for the temperature effect on the 
permanent magnets. The amount of compensation is controlled 
by the portion of the air gap which is filled with the temperature- 
sensitive magnetic alloy. 


INDICATOR 
All of the basic elements of the end device plus the terminals 
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for the power supply are mounted in one case and compose the 
indicator. ‘Two indicators mounted in one case are shown in 
Fig. 5. : 

As with the transmitters, the indicators must also be inter- 
changeable with each other. The scale length is adjusted by 
positioning manually the permanent magnet on the fixed-vector 
generator located in the indicator case. As the center of the 
magnet is moved away from the air gap in the core, less perma- 
nent-magnet flux links the winding and the fixed vector becomes 
shorter, thus causing the resultant vector to swing through a 
larger angle for the same change in transmitter output. The 
indicator is set on zero by rotating the whole assembly with 
respect to the scale. Z 

Temperature compensation of the indicator is obtained in the 
same manner as in the transmitter. It is applied only to 
the fixed-vector generator since the strength of the magnet on 
the pointer shaft does not influence the indication. 

The indicator pointer is caused to move off scale when power is 
removed from the terminals. This is accomplished by a specially 
designed stationary permanent magnet which reacts with the 
pointer-shaft magnet to give a constant torque in the down-scale 
direction. 

Failure of the connecting wire between transmitter and indi- 
cator causes the indicator pointer to move off scale. If this wire 
breaks, the magnetomotive force around one receiver core is so 
greatly unbalanced that the torque on the indicator magnet 
causes the pointer to move off-scale. If the wire becomes 
grounded, the magnetomotive force is again unbalanced because 
of the increased current in one receiver coil and the pointer is 
moved to an off-scale position. In order to limit the current 
when the connecting wire is grounded, a resistor is placed in series 
with the power supply as shown in Fig. 1. 


TABLE 1 PERFORMANCE DATA ON DEVELOPMENT-SAMPLE 
PRESSURE GAGE 


‘Total power consumption, volt-amperes............0.eeeeeeeee 3.3 
Sealelanclerdege.; o hs pets aa fence trace: cheat rcemetouerss cisisrecanb evans 100 

Indicator torque (90-deg torque), gmm.. ae 0.41 
iIMovingelementi weight; ors ctee ct cite cretion ole o cre cheratore 0.76. 
LOrGUS=bO-WEISHt PAO aan cadets eesti. Pete irastee louetthelie de ne cid ole ues 0.54 


Response time (zero to full scale rest), sec...... 0.002000 eee eee 1.0 
Accuracy (per cent of full scale deviation from standard calibra- 
tion curves) 
FRrANS IAL bbO Meron error rnb teaene rae CaeMSES RE TER VT RTS eos Sava vo cco he & 2 
Win ICA LON arte teers aie nero eee he ROE NOES ois io ds aieusag eee + 3 
Voltage error (maximum in per cent of full scale taken with fre- 
quency held at 400 cycles) 


DG ibor22ievol tetas severe, siclovereeree re Rosie rcualars ava'w « Saceueetae lsat 2.5 
ZELOGOIVOLES Maras cn ieveteteloe eae uern lle ceees RT a On vec en 3.0 
Frequency error (maximum in per cent of full scale taken with 
voltage held at 26 volts) 
AD OCOSMOICY. Closter eira ci annie ev iche niaccr beans 5 engteahor omy arenes 1.0 
BOO TOAS OGY ClOS re are orn tole eats) «. tots sisiavsisrs a aieie lees mreeeeene tera 1.0 
Ambient temperature errors on indicator (maximum error in per 
cent of fullscale) 
Bie OO LOte Met shot of, A ieiiars a Oye avalos las auahacn a wiccetcte ARNE 1.3 
edd) CON) Comin aa ois he OREO RSA RE ayy ana eS 5.0 
Ambient-temperature errors on transmitter (maximum error in 
per cent of full scale) 
Ete See LO fad Dn On te reterueh eteerete re ac slow oro cher vice Raa ERE eT 3.3 
2 OG 60s BU One Sataleratiieneyel oiherelone suntele ines Reno ee 6.0 


PERFORMANCE 


The performance data on the sample is shown in Table 1. 
The effect of direct-current potential drops in the airplane must 
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_ duced by the use of a single connecting lead between the trai 
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also be considered in any discussion on performance. Tests SH 
that 1 per cent error is caused by 0.05-volt direct-current poters@) 
in the ground circuit between the transmitter and indicator. 
error is proportional to the direct-current voltage, and if} 
drop is greater than about 0.2 volt it is advisable to unground| 
system in order to eliminate this source of error. 


CONCLUSIONS > 


The remote-indicating pressure gage described meets the} 
quirements for mounting the transmitter directly on the > 
gine. The size and weight of the transmitter and indicator h; }\ 
been kept to a minimum, and the over-all installed weight is}i), 


mitterandtheindicator. _ 
The 1/s-in-pipe connection shown in Fig. 5 on the oil-press#) 
transmitter, by which the transmitter is mounted on the engi 
is to be changed to a 11/,.-in. 12 straight thread to agree v 
proposed changes on the engine oil-pressure transmitter moui}} 
ing pad. t 
The 400-cycle power supply required is standard equipment jf 
many of the large airplanes now in use. On airplanes not alreai#) 
equipped, the 400-cycle power can be obtained from a smig} 
inverter. 


Discussion 


F. F. Unsurne.‘ The writer is disappointed that the principill 


higher degree of accuracy. Furthermore, it is apparent that wha i 
the system is in balance, the indicating member as represented Hi} 
the permanent magnet will have zero torque and will requi 
some form of servomechanism if the receiving end is to do anft 
work. i 
However, the writer is greatly interested in the principle inf 
volved and hopes that further refinements will result in bo 
greater accuracy and higher torque. 


ti 


AUTHOR’S CLOSURE ; 
fl 

Mr. Uehling’s discussion on accuracy and torque require 
some comment. 

The accuracy limits specified in Table 1 are largely due to thi} 
requirement that any indicator can be used with any trans} 
mitter. The over-all accuracy obtainable from a matched sei} 
(i.e., an indicator calibrated with a particular transmitter) is} 
much better than Table 1 indicates. If the voltage, frequency} 
and ambient temperature are held within a few per cent of thal 
nominal values, the indication error of a matched set would bef 
less than 1 per cent of full scale. | 

Although the torque of the indicator is too low to operate ex4| 
ternal mechanisms, it is sufficient to give an indication with nd| 
apparent frictional error. | 


4 Consulting Engineer, Passaic, N. J. Mem. ASME. 


ik he purpose of this paper is to present a description and 
jalysis of several intermittent variable-speed devices 
i Which former difficulties have been overcome. These 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= angular displacement of uniformly rotating member 

angular velocity of uniformly rotating member, radians 
per sec 

pitch radius of output sun pinion, in. 

pitch radius of internal sun gear, in. 

pitch radius of planet pinion, in. 

distance between centers of sun and planet pinions 

radius of eccentricity, in. 

‘pitch radius of cage gear 

pitch line velocity of output sun pinion, in. 

pitch line velocity of internal sun gear, in. 

linear velocity of center of planet pinions, in. 

angular displacement of cage or arm 

angular velocity of cage, radians per sec 

angular acceleration of cage, radians per sec?” 

angular velocity of internal gear, radians per sec 

angular displacement of output sun pinion 

angular velocity of output sun pinion, radians per sec 

angular acceleration of output sun pinion, radians per sec? 

number of teeth in driving gear 

number of teeth in driven external gear 

number of teeth in internal sun gear 

number of teeth in output sun pinion 

= gear ratio between driving and mating external gear 


Np 


pinion 
linear displacement of rack, in. 


linear velocity of rack, in. per sec 
linear acceleration of rack, in. per sec? 


1 Mechanical Engineer, Research Division, United Shoe Machinery 
rporation. 

Contributed by the Machine Design Division and presented at the 
imi-Annual Meeting, Milwaukee, Wis., May 30-—June 5, 1948, of 
ig AMERICAN SocirETy oF MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
derstood as individual expressions of their authors and not those 
the Society. Paper No. 48—SA-18. 
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Motion Analysis of Several Intermittent 


Variable-Speed Mechanisms 


By G. J. TALBOURDET,! BEVERLY, MASS. 


INTRODUCTION 


In the field of automatic machinery, many interesting inter- 
mittent variable-speed mechanisms have been conceived and 
successfully applied to impart a definite and controlled variable 
speed to a rotary member. However, most of these ingenious 
devices are satisfactory only when the speed of operation is rela- 
tively low and the inertia of the driven parts is proportionally 
small. 

In many instances such devices could be successfully used at 
relatively high speeds and with appreciable inertia of the driven 
member, provided that the forces acting on the driven members 
are gradually applied during the period of acceleration. Also, 
that the energy stored in the driven parts during that period is 
‘gradually taken away during the deceleration period, so that no 
residual energy is left in the driven body when it comes to rest. 
Then, to obtain these desirable features, the motion of the driven 
rotary member should meet the following requirements: 


1 Negligible acceleration at the start. 


2 Gradual change in acceleration. 

3 Smooth change from acceleration to deceleration. 

4 Gradual change in deceleration. 

5 Negligible deceleration as the rotating body comes to rest. 


It is evident that these requirements can be met only if, at any 
instant, the motion of the input shaft is known, whatever its 
characteristics. This paper, however, will confine itself to the 
case in which the input shaft has a uniform angular velocity 
throughout its cycle. It will also assume that deflections of 
parts, gear-teeth backlash, and bearing clearances are sufficiently 
small as to have a negligible effect on the motion of the output 
shaft. Furthermore, it shall assume that mass-to-stiffness ratios 
throughout the system are such as to preclude the existence of 
resonant torsional vibrations in the range of the desired operating 
speeds. 

Design must therefore consider all thé foregoing factors; 
otherwise, the motion of the output shaft will not follow that given 
in the subsequent analyses. 

With these conditions in mind, we can then readily vizualize a 
flow of energy from the driving to the driven rotating member 
during the acceleration period and vice versa during the period of 
deceleration. It requires of course a reservoir of energy in the 
driving member, which is most easily obtained by the use of a 
suitable flywheel on the input shaft. 

The purpose of this paper is to present therefore the descrip- 
tion and the analysis of several intermittent variable-speed de- 
vices in which the features mentioned have been incorporated 
and proved of real value in the design of turret-indexing mecha- 
nisms and in many other applications. 

In general, these devices, Fig. 1, are the results of the com- 
bination of planetary-gear systems, quadric cranks, links and 
cams, in which one of the members of the planetary-gear system 
is driven at a uniform angular velocity, while another is given a 
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BIXED ECCENTRIC AND SLIDING RACK CONTROL MECHANISM 


ANK CONTROL MECHANISM 


ADRIC CK 


INTERNAL PLANETARY GEAR SYSTEM WITH QU 


SCREW AND GEAR WITH CAM CONTROL MECHANISM 


MECIIANISM 


INTERNAL PLANETARY GEAR SYSTEM WITH RACK OR SEGMENTS AND CAM 
CONTROL 


A Vi a 


STOO” 


AND 


INTERNAL PLANETARY GEAR SYSTEM WITH RACK 
SCOTCH YOKE CONTROL MECHANISM 


SIMPLE EXTERNAL PLANETARY SYSTEM AND FIXED ECCENTRIC 
CONTROL MECHANISM 


Systems 


Fie. 1BTyercat Gear 


controlled oscillatory motion, thus imparting to the driven 
member a definite and variable angular motion. It is also pos- 
sible to obtain an appreciable dwell of the output shaft when the 
oscillatory member of the planetary-gear system is actuated by 
acam. Furthermore, by the use of such a cam, the output shaft 
can not only be given a dwell period but also it can be made to 
reverse its direction of rotation. It all depends on the charac- 
teristics of the motion of the oscillatory member of the plane- 
tary-gear system. 


Basic PRiIncriPpLES DEMONSTRATED 


To bring out the basic principles used in the analysis, we shall 
consider the planetary-gear system shown in Fig. 2 in which the 
internal sun: gear S, is driven at uniform speed, cage A carrying 
)planet pinion P is given a variable motion, and sun pinion Si 
is the driven output member. 

Then, using the velocity vectors and instant center methods of 
attack, we can vizualize readily that the output of sun pinion 
S; remains stationary, only when the instant center I is at the 
|} pitch point C of the sun gear S; and planet pinion P. 

Then from Fig. 3, when ws: = 0 


V; 
Va = es Eee od ante ae [1] 
Ws? Ree 
ee. ee 2 
aes Oey [2] 


For conditions V 4 > V2/2, the sun pinion rotates in the direc- 
‘tion of the internal sun gear Se, because the instant center J lies on 
the center line OO, and between pitch point C and center O. 
From the geometry of Fig. 4 we have 


20 4R 4 — wok 
Ra 


Way! E= 


For (ondition V4 < V2/2, instant center J lies on the center line 
| OO, between O, and pitch point C. In this case, S; rotates in 


the opposite direction to the internal sun gear S:. Then from 
} Fig. 5 
Vo BR tocar pers ascot aha «ope [5] 
20 4h 4 — we Reo 
eae ae ee [6] 


Ra 


For condition V, in the opposite direction to Vas, Fig. 6, in- 
} stant center J lies between O, and pitch point Ci. Then the sun 
pinion S; will rotate in the opposite direction to the internal 
sun gear So, and 


Va a 2V4 > 


2 waka —= Wee Ree 
Ra 


Ws = 


when w, = O; instant center J lies on O, and 


Vex Ree 
Rs 


Os. = 


Thus by changing the angular velocity of cage A, while the in- 
ternal sun gear S, rotates at a uniform angular speed, sun pinion 
S, can be made to remain at rest or to rotate at a definite angular 
velocity in either direction. 

When the cage is given a simple harmonic motion, we have a 
special case in which the conditions of zero acceleration at the 
start of the motion of the driven sun pinion and zero deceleration 
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JS, and output sun pinion §;. 
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FIG.6 


Figs. 2 to 6 


at the end of its motion are fulfilled, provided, as explained be- 
fore, the moving bodies are rigid. 

A consideration of the foregoing conditions and of the relation- 
ships between the members of a planetary-gear system led to the 
design of the following devices, the description and analysis of 
which will be given: 

Internal planetary-gear system with rack and Scotch-yoke 
control mechanism. 

Fixed-eccentric and sliding-rack control mechanism. 

Simple external planetary system and fixed-eccentric control 
mechanism. 

Internal planetary-gear system with rack or segment and cam 
control mechanism. 

Screw and gear with cam control mechanism. 


INTERNAL PLANETARY-GEAR System WirH Rack AND ScoTcuH- 
Yoke ContTrot MECHANISM 


Description of Mechanism. As shown in Fig. 7, the mechanism 
consists of a drive shaft A, gear B, and crank C. Gear B meshes 
with gear D integral with internal gear S, of a planetary-gear 
unit, while crank C is part of a Scotch-yoke mechanism to which 
rack # is attached. Rack £ in turn actuates gear F fastened to 
cage G carrying planet pinions P free to rotate on pins H mounted 
on cage G. Pinions P are in mesh with both internal sun pinion 
Thus we have a simple planetary 
system in which the internal gear is the driving member rotating 
at uniform velocity, while the center of the planet pinions moves 
in a simple harmonic motion. 

Analysis of the Motion. From the geometrical conditions of 
Figs. 8, 9, and 10, we have the following: 


(a) Motion of rack 


Sp = —Ro sin 0 
Vp = —why cos 0 
dp = w*Rysin 6 
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a 


o1 e) 
RO 


SR Fic.8 FIG.9 


Fies. 7, 8, anD 9 


Fre. 10 


(b) Motion of cage 


—Rp sin 6 


Dope em 
A R, 


—wp» cos 0 
Rr 
w? Ro sin 6 
Rp 


OA = 


(c) Motion of output sun pinion 


Since sun gear 8, rotates in the opposite direction to sun gear 
So, we have from Fig. 5 and Equations [5] and [6] 
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Va = 2 Va— Vex 


2 4h 4 —— s2 Reo 
Ra 


Ost = 
or as a function of w and gear ratios m, and mz 


. Ra 
mmoRaw — 2Row cos 6 R. 


F 
Ws1 = Ra ) f 
(mz + 1) Ro cos 0 | 
= Ww Nhs. a on a ees eens [7 
Rp 1} 
where : 
Rs (m2 Sie 1) 
_ Ws = —Mo, Ra = Mes, Ra a aa 
Since @ = wt 
OL Gea Pig eae ee | 
Bete 8) Rr 
mz + 1) Ro cos 0 
61 = Sf wnd, =o ff (mm Psat d, 
F 
1) Ro sin wt 
bs = meee 
Ry 
__ (™m + 1) Ro sin 6 ca 
Ry 
When 
6=6.i= 0 snd =O) ne 0 
and 


(m: + 1) Ro sin 0 


4s. = MyM) — 
1 1mMmy Rr 


From Equation [7] the value of Ro is determined from the con- 
dition w; = 0. Whené@ = 0, then 


R 
0 = mM, — (me + 1) = 


and 
mms 


an en 


F 


Replacing Ro by its value, we have the following: 
Equations of motion of rack 


my, Ms 


Sp =— Ry sin 6 
R meth a 
MMs 
Ve =— Ry w cos 6 
B Me + 1 Be 
MyM Oh? 
ap = Ryw* sin 0 
R ee RO 


Equations of motion of cage 


MMs : 
64 = — sin 6 
Ma + 1 
MMs 
on = — @ COS 0 
Meg a 1 
MMe é 
4 = w* sin 0 
Ms + 1 


.) 
Equations of motion of output sun pinion 


6.1 = MM (6 — sin 0) 


Ws = MMw (1 — cos 6) 
A. = MMw? sin O 


These are the equations of the planetary system and Scotch- 
oke mechanism previously described. The equation of the ac- 
eleration of the output pinion indicates that the acceleration 
urve is a sine wave which fulfills the conditions of the zero ac- 
eleration at the start and zero deceleration at the end of the 
1otion of the output shaft. This is illustrated in Fig. 11 where 
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the angular displacement, velocity, and acceleration of the out- 
put shaft have been plotted as a function of the angular displace- 
ment of a drive shaft rotating uniformly at the rate of 1 radian 
per sec, and for values of mm: varying from */; to 6. 

For reasons of design, construction, and compactness, as well 
as to eliminate the sliding actions inherent to a Scotch-yoke 
mechanism, it is preferable, in many instances, to replace the 
Scotch-yoke and rack mechanism by a quadric crank. In so doing, 
however, the motion of the cage deviates from simple harmonic, 
due to the effect of the angularity of the connecting link. This 
deviation in the motion of the cage results in a departure from the 
‘sine-wave acceleration and from the symmetry of the motion of 
the output shaft. : 

In some applications this deviation may be objectionable, but, 
in general, the value of the acceleration and deceleration at the 
start and at the end of the motion of the output shaft is suffi- 
ciently small to be of no importance in practice. 
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When the Scotch-yoke and rack mechanism is replaced by a 
quadric crank, the analysis of the motion of the cage and of the 
output shaft is more complex. The equations of the motion of 
the driven member of a four-bar linkage, which are also those of 
the oscillating cage, must be introduced in the analysis. These 
have been published,? and can be readily applied. However, the 
radius of the crank must be determined accurately so that the 
maximum angular velocity of the driven link or cage will be made 
equal to (mymow)/(m2 + 1). 

To determine this radius, we know that it should be less than 
(mm2Ra)/2 and therefore must use values somewhat smaller, 
and calculate the angular velocity of the cage until we obtain 
a crank radius which imparts to the cage a maximum angular 
velocity equal to (mmw)/(mz + 1). This angular velocity 
should in no.case be greater, otherwise the output shaft will re- 
verse its motion, and in practice it is advisable to decrease the 
crank radius by a few thousandths of an inch. While this pro- 
cedure may appear cumbersome, the required crank radius can 
be determined accurately and rapidly with calculating machines. 
Then, knowing the radius of the crank, the equations of motion 
of the cage are combined with the motion of the internal sun gear 
of the planetary system to determine the motion of the output 
sun pinion. 


Fixep Eccentric anp Suipinc-Rack Contron MEcHANISM 


Description of Mechanism. As shown in Fig. 10, the mechanism 
consists of rack B moving in slot C cut in disk or flywheel A, and 


also in mesh with pinion S; attached to the output shaft. 


Motion of rack B is controlled positively by strap or connecting 
link D fastened to B by means of pin Z. Strap D is also free to 
turn around a dead crank or stationary shaft F, fixed in the frame 
and off center with flywheel A. 

Thus we have a flywheel rotating at uniform speed which, 
through pin /, constrains strap D to turn around stationary shaft 
F, and to cause rack B not only to slide back and forth in slot C 
but also to roll on pinion S;._ Then, under the combined motions 
of rack B, a variable-speed motion is imparted to the output 
pinion S;. 

To obtain a condition of zero velocity and zero acceleration at 
the start and at the end of the cyéle of the output pinion, dis- 
tance OO, between the center of the flywheel and the center of 
the stationary shaft must be equal to the pitch radius of the out- 
put pinion. 

Analysis of Motion. When R = length of connecting link, in., 
and all other symbols are the same as before, we have from the 
geometrical conditions of Fig. 12 


Sp = R + Ra sin 0 — VR? — R,? (1 — cos 6)? 


2 “Simplifying Graphical Solution of Linkages,’’ by H. A. Bolz, 
Machine Design, vol. 14, 1942, pp. 68-70. 
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an external gear segment B whose center is free to oscillate on p} jh 
mi C attached to disk or flywheel A; B is also in mesh with pinic ] 
der sin 6 (1 — cos 6) S, fastened to the output shaft. Through pin £, the gaint, i 
Wine= hg go ee R? gear segment B is controlled positively by a strap or link D, whic} | 
y= ee is free to turn around a dead crank or stationary shaft F fixed | 
é the frame and off-center with that of flywheel A. 
and 
1 
GsRo= oe = Raw? \— sinéd+ = 
\ — 1 (1—cos 6)? 
Rat 


sin? 6 (1 — cos 6)? 
R? 
idee 


sin? 6 + cos @ (1 — cos 0) + 


— (1 — cos 6?) 


Equations of motion of output pinion 


’ Sp 
0. = 9—— 
8 Ra 
Ver 
(SP et OS 
; Ra 
asR 
Of es 
8 ae 


These equations indicaté that for values 
6 = 0, 6 = 2z, ws, = 0, and a, = 0 


which fulfills the conditions of zero acceleration at the start and 
zero deceleration at the end of the motion of the output pinion. 
This is illustrated in Fig. 138 where for values R.. = 1 in. and R = 
6 in., the angular displacement, velocity, and acceleration of the 
output pinion have been plotted as a function of the angular dis- 
placement of a flywheel rotating uniformly at the rate of 1 radian 
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per sec and counterclockwise to compare it with the output mo- 
tion of the next device. Here, the curves of the motion of the 
output pinion are not symmetrical. 


SimpLe ExternaL Puanptary System AND Frxep-Eccenrric 
Controt Mecuanism 
The mechanism is a sequente of the sliding-rack and fixed- 
eccentric device previously described. Here, the rack is replaced 
by an oscillating external gear segment to eliminate the sliding 
action of the rack. © : 


Description of Mechanism. As shown in Fig. 14, it consists of 


Fig. 14 


Golo 


Thus we have a flywheel rotating at uniform speed which, 
through pin £, constrains link D to rotate around stationary 
shaft F and to cause gear segment B to oscillate about center Or 
of pin C and also to roll on pinion S;. Under the combined Os- 
cillating and rolling motions of gear B, a variable motion is im- 
parted to output pinion §}. 

Fig. 14 shows the mechanism at its starting position when link 
D is normal to center line OO; and to the line joining pins C and 


£. At that position, link D passes through the common pitch 
point of gear B and pinion 8, 


Analysis of Motion: 
When 


M = center distance between pins Cand £, in. 


| L = length of connecting link, in. 
distance O1/n Oz, in. 
angle between M and center line O Op, deg 
|@, = angular displacement of planet-gear segment around 
center O2, deg 
angular velocity, radians per sec 
H angular acceleration, radians per sec? and all other symbols 
are the same as before 
We have from the geometrical conditions of Fig. 15 
Ro sin (0 — a) 
R4— Ro cos (0 — a) 


ll 


Y tan7! 


_, Me + R?— 1? 
2MR 


ces) 
ll 


cos 


vhere 


Ra = Ra + Ri, and R = VR,* + Ry? — 2B 4Ro cos (6 — a) 


One ty — o 

K = M? + R,? + Ro? — L? 
B= R4? + Ro? — 2R,Ro cos 
D = K — 2R,Ro cos $ 


we have 
Be Ro sin to) 
Si aA R,4— Ro cos ¢ 
B COS: = 2 
2M VB 
and 
Ro sin Coo) D 
é- = tan™* st sire 
» R4 — Ry cos $ 2M \/B 
ee) 
sin —— 
_ 6, R R, cos ¢ — Ro ues B 
“2 Bae B 4/ 4M? B—D? 
1 2R Ro sin? ¢ 
Bee 8% = — RR a? awl a 
d? / 4M? B— D? B 


D D QR ,Ro sin? ¢ (2M?— D) || 
Pe) + ioe a cos 9 4M? B— D? 


Fini LDR (R xh = Ro) | 
1 
feo | . uf 


Equations of motion of output pinion 


Pp 
A.1 =< = a, 
Ra 
w. G) Ry (2) 
(ae Pp 
Ra 
Ro 
ON Banya oD 
Ry 


The conditions of zero acceleration at the start and zero de- 
celeration at the end of the moticn of thé output pinion are ob- 
tained when 


‘ 


45 deg 
Ra cos 45 deg = 0.7071 Ra 


a 


Ro 
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M = R, cos 45 deg = 0.7071 R, 
L = M + R = 0.7071 (Ra + R,) = 0.7071 Ry 


To compare the motion of the output pinion with that of the 
preceding device, the angular displacement, velocity, and ac- 
celeration have beey plotted in Fig. 13 for values Ra = 1 in., 
and R, = 3in. Here, again, the curves are not symmetrical and 
deviate more from the curves shown in Fig. 11 than those ob- 
tained by the sliding-rack and fixed-eccentric mechanism. 

In many applications, this deviation is more than offset by the 
elimination of the sliding action present with the rack and fixed 
eccentric-controlled mechanism. 

While the foregoing device uses an external gear segment, the 
same results can be obtained with an internal gear segment. 


INTERNAL PLANETARY-GEAR SystEM WirH Rack or SEGMENT 
AND Cam ConTROL MECHANISM 


Description of Mechanism. As shown in Fig. 16, this mecha- 
nism is similar to the internal planetary-gear system with rack and 
Scotch-yoke mechanism (see Fig. 1), except that the Scotch yoke 
is replaced by a cam and a radial cam follower. 

It consists of a drive shaft A, gear B, and cam C. Gear B 
meshes with gear D integral with internal gear S of a planetary- 


Fic. 16 


gear unit, while cam C, through its radial follower J, actuates 
rack H in mesh with gear F fastened to cage G, carrying planet 
pinions P free to rotate on pins H mounted on G. Planet pinions 
P also engage with internal sun gear S, and output sun pinion S). 

Here, again, we have a simple internal planetary system in 
which the interna] gear S, is the driving member rotating at a 
uniform velocity, while the motion of the center of the planet 
pinion is controlled by that of a cam follower. 

Thus by varying the characteristics of the motion of the cam 
follower, the motion of the output sun pinion can be made to 
meet some specific conditions, such as, to remain at rest during a 
given angular displacement of the driving member, then to rotate 
a definite amount during the remaining part of the cycle of the 
driving member while fulfilling the zero-acceleration conditions 
at the start and the end of its motion. While many other con- 
ditions can be obtained, such as the reversal of the motion of the 
output sun pinion, the following analysis will consider only the 
first conditions mentioned; that is, a definite rest period followed 
by a rotation of the output pinion during the remaining part of the 
cam cycle. 

Analysis of the Motion. When 6, = angular displacement of 
cam during rest period of output sun pinion, # = angular dis- 
placement of cam during motion of output sun pinion, and K = 


90 
ratio between a complete cam cycle and its angular displacement 
required to rotate suri gear S; a desired amount, and all the other 
symbols as before, we shall then determine the equations inl 
tion of rack and cage when output pinion is stationary. From 
Equation [2] 


ws2° Reo 
O31 = 0, when w4 = “OR, 
since 
WO = —MNo, Rag = mek s1 
and 
Ra (m + 1) 
Ry, = Ra (me + 1) 
2 
then 
MyM 
Late Mz + 1 


This equation indicates that the output sun pinion remains 
stationary as long as the angular velocity of the cage carrying 
the planet pinion is uniform and a function of gear ratios m and 
Mz. Wehave 


t 
mm mm 
= —— = edb Set 
m, + 1 Jo me, + 1 


Since 
wt = 6 
then 
MMe 
64 = — ——— 
Mm, +1 
Where @ varies from 0 to 6; 
6 MMe 0; 
A max my Sle 1 


Linear displacement of rack and radial cam follower 


mm, R76 
SS; = — ko, = = —— 
‘ R Fo 4 eT 


Ss MMs Ry 
; Rmax — me re 1 


Linear velocity 


MMe R Fo 


US rahi ra 


In the analysis of the internal planetary system and Scotch- 
yoke device, we have shown that the angular-acceleration curve 
of the output sun pinion is a sine function and its angular velocity 
1S mym2w (1 — cos @), where @ varies from 0 to 2r. 

In this case, 9 varies from 0 to ®, where the value of 6» is 2x 
or less than 27. . When 


0. = 2x, 4% = 0, A=—=1. 


and the equations of motion of the output sun pinion and of the 
cage are similar to those given for the internal planetary system 
and Scotch-yoke mechanism. 

However, when @ < 2z, that is, when 6; > 0. 


_ on 
ee 
and 


31 = mm2Kw (1 — cos Ke) 
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then 


sin Kut 
On = mmKw f (1 — cos Kat) dt = mym2K\ wt — <i 


when 


and 
O41 = MMs (Ke — sin K6) 


Tate mym,K*w? sin K6 


[6] we have 


= ®s1 Ra a woltss 
oo AR, 
Since w, = —mw 
m +1 
Re = mR and Ry = Ra ( 2 ) 
Then 
a ®s1 — MMeow 
wen m, + 1 
but 
wo. = mmKw (1 — cos Ké) 
and 
MMe . 
= —— [K (1 — cos K@é) — 1 
WA ms =e 1 [ ( ) ] 
then 
y= Poh = bn ale JS [K(i — cos Ke) — 1] dt 
Me + i , 
MyM sin Kost 
OP a | | SS SE 
Zz Me + | ( Ko ) | 
ye ary [Kee — Si Ret oih-ine 
when 
t=0,6, =0, -c=0 
and 
MMe i 
04 = —— |/0é (K — 1) — Ke 
4 Reh 1 fo ( ) — sin K6] 
It should be noted that values of 64 for any value of @ are ob-I 
tained directly up to 6 = 6/2. Then for 6,/2 to 2, use twice the} 
value of 64 when @ = 6,/2 minus value of 64 for 6 = 62/2 to 6 = O}} 


dw 4 mMyMszk2 
gS SS = 


w? sin K6 


The linear motions of the rack, hence of the radial cam fol- 
lower, are readily obtained by introducing in the equations of 
motion of the cage, the radius R,» of gear F. 

Equations of motion of rack and radial cam follower 


Sp = RpO4 
Vr = Ryw4 
: Grp = Rrra, 


Equations of motion of cage 


MMe 
eS 


= eae [ak — 1) — sin Ke] 


MMe 
o4 = ot hing w|K(1 — cos Ke) — 1] 
a, = eels K%? sin K@ 
me + 1 


Equations of motion of output sun pinion 


4s. = mm, (KO — sin K6) 
mum, Kw (1 — cos Ke) 
a1 = mm,K*w» sin K6 


@s1 


For stationary conditions of output sun pinion 


—M M29 
hn SSS 
mM, +1 
—M Ms 
oA, = 
m+ 1 
ag =0 
MMs 
Sp = —R,6, = R,0 
R FYA ee | Fr 
mM Me 
S max R76 
R a FUL 
mM M2 
V, = — Fo, = ———_ PR 
R FO A pee Fo 
dp = 0 


Since Sz is the displacement of the radial cam follower, the ra- 
ius vector of the cam can be readily obtained for any value of 0 
rom 0 to 6; during the rest period, and for any value of 6 from 
)to 6, during the rotation of the output sun pinion. ~ 
So far we have assumed the motion of the cage to be controlled 
‘joy’a rack and a radial cam. The same results also can be ob- 
ained by replacing the sliding rack by a segmental gear and the 


Jradial follower by a swinging cam follower. When 
R, = pitch radius of gear segment, in. 
9, = angular displacement of segmental gear and swinging cam 


follower 
», = angular velocity 
a, = angular acceleration 


{then 
Ry 
Cn —76 
/ ie A 
Rr 
wy = ce 
a; = eae 
"hi BR) A 


To determine the radius vector and its co-ordinates required for 
the manufacture of the cam leader, we will let 


R = radius vector, in. 
C = center distance between cam and swinging cam fol- 
lower = OOk, in. 
M = length of follower arm, in. 
a = angle between OO, and extreme outward position of 
cam follower M, deg 
«o = angle between OO, and radius vector when cam fol- 
lower is at its extreme outward position, deg 
¢ = any angle between OO, and radius vector, deg 
0 = e— € 
R sin 5 = horizontal co-ordinate, in. 
R cos 5 = vertical co-ordinate, in. 
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From the geometrical condition shown in Fig. 17 we have 


R = VM? + C?— 20M cos (a — 6,) 


Rinax = VAVE + C2 — 2CM cos a 


R? + C2? — Mm 
2RC 


cose = 


From these equations the radius vector and its co-ordinates 
can be calculated. 


GEAR CAGE 


GEAR SEGMENT ARM 


Fie. 17 


To illustrate the motions of the cage and of the output sun 
pinion under conditions of no dwell, 90-deg dwell, 180-deg dwell, 
and 270-deg dwell of the output pinion, the angular displacements, 
velocities, and accelerations of cage and output sun pinion have 
been plotted, respectively, in Figs. 18 and 19, assuming gear 
ratios m = 1/,and m2 = 2. 


Screw and Guar Wits Cam Controt MECHANISM 

Description of Mechanism. As shown in Fig. 20, the mecha- 
nism consists of screw B and cam C;, free to slide on input shaft A. 
The sliding motion of screw B and cam C is controlled by the 
action of cam C against a roll D fixed in the frame of the machine. 
Screw B is also integral to cam B and engages with output gear 
Si. 

Thus we have a screw subjected to two positive motions; a 
uniform angular rotation, and a variable axial translation. The | 
combined motion of rotation and translation of the screw deter- 
mines the characteristics of the motion of the output gear. 

As with the mechanism previously described, the motion of the 
output gear can be made to meet some specific conditions, but, 
again, the analysis will only consider a definite rest period fol- 
lowed by a rotation of the output gear during the remaining part 
of the cam cycle. 


Analysis of the Motion: 
When 
oN 


angular displacement of’screw and cam during rest period 
of output gear 


6 = angular displacement of screw and cam during motion of 
output gear 

K = ratio between one complete revolution of cam and angular 
displacement required to rotate output gear desired 
amount 

L = lead of screw, in. 

R = pitch radius of output gear, in. 

m = ratio between number of starts in screw and number of 


teeth in gear 
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= uniform axial velocity of screw thread, ips 

= axial displacement of screw and cam, in. 

axial velocity of screw and cam, ips 

= axial acceleration of screw and cam, ips 

= total axial displacement of screw and cam during rest 
period of output gear, in., and all the other symbols 
as before 


Re NR 
Il 


We shall determine the equations of axial motion of screw 
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and cam when the output gear is stationary, i.e., when wa = 
Assuming clockwise rotation of screw and a left-hand helix 


Va =V =a Vig 
Since 
Ms = 0, Va = 0 
and 
V,=—V 
but 
ya le 
se Caae 
Apiieg Sle 
oe a a Qn 


This equation indicates that the output gear remains stationary aq 


direction to that of the screw thread. 
Then 
Lw Lust 
- =—— dt =——4+0 
Se = eae a - 4: 
when 
i=0 8.50, 72 =0 
and 
Lé 
S,=—-— 
Qn 
when 
6= A, S, —= So S 
Le, 
¥ chemi 2r 


Then during the rest period of output gear . 
Le Le, : Lew 


Sy Saath 
2a 
We shall now assume that during the rotation of the output. | 
gear its angular acceleration is a sine function and its angular 
ers : ; |) 
velocity is mKw (1 — cos K6); that is, the equations of motion of i 
the output gear are similar to those given in the analysis of the}! 
internal planetary-gear system with rack and cam control mecha- || 
nism. Then 
6 = m(Ké — sin Ke) 
mKw (1 — cos Ke) 


a1 = mK%&? sin Ko 


Ws 


where 6 varies from 0 to 6, and K = 27/6. 


To determine the equations of axial motion of screw and cam, i 
we have from Fig. 21 


Va =V + Va 
or 
Lw 
mRKw (1 — cos K@é) = — + V, 
27 
Lw 
“ V4 = mRKao (1 — cos Ko) — — 
T 
and : 


Sa (mex (1 — cos Kwt) — ts) dt 
us 


sin =) lig 


= mRKw | t — 
mek (1— S08 


S, = mR (Kot — sin Kot) = +C 
T 


= mR (Rte ain Ray ety 
2a 


S, = mR (K@— sin Ke) — + So 
Tv 


m : 
‘ “s 
S, = mR (Ko — sin Ke) — =a (0 + 6) 
: T 
[t should be noted that values of S, for any value of @ are ob- 


ned directly up to 6 = 62/2. Then for 6/2 to 6, use twice the 
lue of S, when @ = @,/2 minus value of S, for 6 = 62/2 to 6 = 0 


kaye 
: ‘Dia 


= mRK%? sin Ké 


Equations of axial motion of screw and cam: 
1 During dwell period 
Lé6 LA; Lw 


ere 6 varies from 0 to 6,. 


f ‘During motion of output gear 


, L 
S, = mR (Ko—sin Ke) — al (6 + @) 
T 
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V, = mRKw (1 — cos Ke) — ae 
2Q7 


a = mRK?%" sin Ké 


where @ varies from 0 to 6. and K = 360/6, 
Equations of motion of output gear 


6. = m (Ko — sin Ke) 
wa = mKw (1 — cos Ke) 
as = mK%&? sin K@é 


The values required for the manufacture of the cylindrical cam 
are readily obtained from those of the axial displacement S, of 
the screw and cam. To illustrate, the axial motion of screw and 
cam under conditions of no dwell, 90-deg dwell, 180-deg dwell, 
and 270-deg dwell of the output gear, the axial displacement, 
velocity, and acceleration of the screw and cam have been plotted 
in Fig. 22, assuming gear ratio m = mym. = 1/2. This ratio is 
used in the calculations for the results plotted in Figs. 17 and 18. 
In this case, the motions of the output gear are the same as those 
of the output sun pinion plotted in Fig. 19. A comparison of 
Figs. 18 and 22 also shows the characteristics of the angular 
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motion of the cage and the axial motion of the screw to be similar, 
i.e., the motion of the cam follower actuating the cage is the 
same as that of the cam actuating the screw. This type of mecha- 
nism is especially adapted for relatively high reduction ratio, 
but, here again, the sliding action of the screw is not as favorable 
as the oscillating motion of the cage of the preceding device. 


CoNCLUSION 


The description and analysis of devices with conditions of zero 
acceleration at the start of the output member and zero decelera- 
tion at the end of its motion have been the primary objective of 
this paper. Many deviations from these conditions can be ob- 
tained. Specific requirements and conditions influence the 
choice of the device for a given application. 


Discussion 


J. F. Downie Surru.? Since the writer was connected with 
the United Shoe Machinery Corporation, Research Division, 
for 7 years, until 15 months ago, and it was during his stay there 


3 Iowa State College, Ames, Iowa. Fellow ASME. 
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that a large part of the development work on this mechanism 
took place, he is reasonably familiar with the various possible 
combinations, where they were used, and with what success. 

When the design was first proposed by Messrs. L. James, L. 
Topham, aad other designers at that corporation, a careful engi- 
neering analysis was considered necessary, and this analysis has 
been largely done by the author. 

In case the reader might be tempted to slight the thoughts 
involved in this paper, because of the extensive mathematics, it 
is suggested that he study the motions and charts carefully. It 
is the writer’s firm conviction that the movements will become 
extremely important wherever indexing at high speeds is desired. 

Many such designs were incorporated into equipment built for 
the armed services during the war, with almost uncanny results. 
For obvious reasons further details will be omitted. 

Wherever such a device was introduced the indexing problem 
became easier, and, generally, higher speed of machine operation 
was permissible. Several such indexing and variable-speed mecha- 
nisms have been built into production machines, with satisfying 
results. 

For some types of machines, the mechanisms proposed might 
be considered too complicated and costly to be justified, and an 
analysis of the various factors involved sometimes indicated to 
the designers and engineers that a simpler scheme could be sub- 
stituted profitably. However, where high-speed operation was 
concerned, and first cost was not as important as smooth opera- 
tion and long life, one of the several possibilities shown was 
always considered seriously. 


J. A. Hronss.‘ The atithor deals with the problem of moving 
a mass in accordance with some displacement-time plan. Such a 
system must invariably employ elastic coupling links to the driv- 
ing unit. The driving unit must be capable of transforming a 
uniform rotational input to the desired nonuniform output mo- 


tion. Fig. 23 of this discussion represents such a system simpli- 
J 
eM: fo) 9, 
aisles 
8 
kK 8, 


Fig. 23 Fig. 24 
Fie. 23 Buiock DyaGRam or Over-ALL System 


. 
Fic. 24 Brock REPRESENTATION OF PLANETARY GEAR TRANSDUCER 
: UNIT 


fied to its basic elements. 
follows 


The nomenclature for Fig. 23 is as 


6; = uniform input velocity 

6 = disp!acement of output shaft of transducer 

= displacement of inertia J 

moment of inertia of driven mass 

rotational stiffness of system coupling J to output shaft of 
transducer 

M, = load torque applied to J 


ANoa 
ll 


Il 


The driving unit (transducer) must be so designed that it gives 

a satisfactory motion of the inertia J. A recent paper by the dis- 

cusser® considered the performance of such a system where the 

transducer was a cam. Analysis of such a system for various 

displacement-time contours of the cam showed that significant 

reductions in peak forces can be realized if sudden changes in 

(d°60) /(dt?) are avoided. The author has cleverly employed the 

planetary-gear system as an adder to produce a relatively complex 

* Professor of Mechanical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. ASMP. 


5 “An Analysis of the Dynamic Forces in a Cam-Driven System,”’ 
by J. A. Hrones, Trans. ASME, vol. 70, 1948, pp. 473-482. 
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motion from several simple input motions. The use 
planetary-gear system as an adding device is of such gre 
portance as to merit, additional discussion. A planeta 
system may be represented by the box shown in Fig. 24 
with. In this 6, and 6 represent arbitrary angular displacey 
time motions, 4 represents the output angular displacemer 
duced by the two input motions 6, and @. It can be show) 
the following relationship exist between the three motions 


e : ai — ky; + kp 3 wi,8 wl oniatte le eagles Aiea ie ame 


Using the author’s nomenclature let 65 = wa, O = css, 6. 


Then 


Ws2 —— Wa 


where ¢ is the train value of the planetary. (The ratio of 
when w, = 0, with due regard to direction of rotation.) 
From Equation [11] 


@si = CWs2 — ad = €)aq PeOICE. “arrose 4 1 
By comparison with Equation [10] 
lees ky = 1—e 


It is obvious that k; and k2 can be varied by the use of diffé}} 
gear ratios for the elements of the planetary: The widely |}/ 
differential is the special case where e = —1. H | 

The angular velocities of the input shafts w,. and w, cal) 
arbitrarily imposed functions of time ~ 


sg Fao(t) } 
ea ip (é) 


Substitution in Equation [12] yields the following result 
aa = eta’ (—\ emia. cea lf 
Differentiation of Equation [14] gives \\ 


dag 
dt 


In the first mechanism 


="elfa’Or ee (te) Gl Ole 


= 


[fea(t)] = Miw 


and Row » 
[fat] = es 0; 

By the use of various types of drives, a large number of co | 
binations of f.2(¢) and f,(t) can be obtained, resulting in a wi} 
variety of possible output motions. | 
The author’s discussion of a number of practical methods} 
producing several types of input motions with an analysis of # 
output motion resulting should prove of great value to designe} 


Maurice Knorr. We use several intermittent motion mech 
nisms on our machine tools. They all give satisfactory servic 
The most difficult intermittent motion is on our automatic sere 
machines, where Geneva mechanisms are used to index the t 
rets. Typical of conditions is one six-station turret having t! 
inertia of a 10-in. disk, 1 in. wide, which is indexed !/, revolutic 
in !/s sec. 

Because we have no present difficulties we are principally inte 
ested in understanding this paper for possible future use. TT] 
point we would like discussed is why the acceleration of the drive 
member should meet the requirements outlined as follows: 


6 Machine Design Engineer, Brown & Sharpe Manufacturi 
Company, Providence, R. I. Jun. ASME. 


Negligible acceleration at the start. 

Gradual change in acceleration. 

Smooth change from acceleration to deceleration. 

Gradual change in deceleration. 
Negligible deceleration as the rotating body comes to rest. 


Fig. 25 herewith, in addition to the acceleration curve for the 
neva mechanism mentioned and a typical curve from the 


. 
RECOMMENDED BY G. TALBOURDET 
. 
GENEVA MECHANISM 


CONSTANT ACCELERATION 


+ ACCELERATION 


START ANGULAR POSITION INDEXED 


a 


Fig. 25 AccELERATION OF TuRRET Dusrinc INDEXING 


per, shows a constant acceleration - constant deceleration 
rve. If we had a difficult intermittent motion, due to speed or 
rtia, this acceleration curve would be our first choice if it were 
jssible to attain it. What point are we missing which makes 
» foregoing requirements a better solution? 

The moments of inertia, the amount’ of the angular motion, 
d the time for the indexing of some of the turrets the author has 
irked on would be an interesting addition to the paper. 


AUTHOR’S CLOSURE 


tf 
As stated by Dr. Smith in his discussion of the paper, mecha- 
ms featuring zero or near-zero acceleration conditions at the 


plications. 

Ithough the mathematical analyses of the motions may appear 
} be somewhat extensive, the final equations are relatively sim- 
and easily applied to determine the forces acting on the 
frious members, thus obtaining the information required for 
fod design. 

n designing these mechanisms special attention must be given 
the rigidity of the moving parts, in order to avoid detrimental 
ections and resonant torsional vibrations in the range of the de- 
d operating speeds. The input member also must have a 
cient reservoir of energy to control the motion of the output 
ember at any time. 

rof. J. A. Hrones’ discussion and comments are a welcome 
dition to the paper. The basic elements of a simple system are 
Il illustrated in Fig. 23 of the discussion. His presentation of 
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the planetary-gear system shown in Fig. 24, together with the 
analysis of the relationship between the two input motions and 
the output motion, give a clear idea of the variety of output mo- 
tions which can be obtained through the combinations of planet- 
ary-gear systems, quadric cranks, links, and cams. 

A question may be raised regarding the accuracy of manufac- 
ture of the cam contour required to obtain a stationary condition 
or no motion of the output member during a definite motion of 
the driving shaft. This accuracy is within the limits of manufac- 
ture, as proved in several mechanisms where no motion of the out- 
put member could be detected during the expected dwell period. 

The discussion presented by Mr. Knott is somewhat typical of 
the school of thought which assumes that the most and only im- 
portant consideration in the characteristics of a motion is to keep 
the peak acceleration and deceleration imparted to the output 
member at a minimum, that is, to consider only the constant 
acceleration-constant deceleration characteristics which result 
in the smallest possible acceleration and deceleration values. 

No attempt is made to evaluate the effects of the rate of 
change in acceleration upon the peak forces exerted on the output 
member, although it should be evident that with constant 
acceleration-constant deceleration conditions, the peak forces are 
influenced by the action of a suddenly applied load at the very 
start of the motion, then of a sudden reversal of the load when 
maximum velocity is reached, and of a sudden removal of the load 
when the member comes to rest. 

Since the output motions of intermittent-speed mechanisms 
are comparable to those imparted by cams to cam followers with 
dwell conditions before and after their.motions, the analysis 
presented by Professor Hrones brings out some extremely in- 
teresting and important findings upon the effects of the rate of 
change in acceleration of cam followers. For example, the main 
argument of those in favor of the constant acceleration and de- 
celeration characteristics, or of the gravity motion, is that with 
harmonic characteristics, the resulting maximum acceleration is 
1.24 greater than gravity, and, with cycloidal characteristics, it is 
1.57 greater than gravity. 

However, as indicated by Professor Hrones, the peak forces do 
not follow that trend. On the contrary, in assuming the product 
of the mass and the acceleration of a gravity-motion follower to be 
1, the peak forces exerted on the follower are not 1 but 1 X 3 or 3, 
while those on the harmonic-motion follower are 1.24 X 2 or 2.48, 
and on the cycloidal-motion follower 1.57 X 1.06 or only 1.66 for 
equal lifts and angles of action. Furthermore, the vibratory 
forces at the end of the cycloidal motion are only a fraction of 
those imparted.by the gravity motion. 

In intermittent-speed mechanisms, especially, smoothness of 
operation is highly desirable and cannot be obtained when the 
output member is subjected to sudden application, sudden re- 
versal, and sudden removal of forces which occur when the charac- 
teristics of the motion are of the constant acceleration-constant 
deceleration type. Excessive peak forces with reversal conditions 
can only result in shocks, wear on the moving parts, and detri- 
mental torsional vibrations when the output member comes to 
rest. 

For these reasons a Geneva motion which approaches har- 
monic characteristics is without doubt preferable to that of a 
gravity motion but is not nearly as satisfactory as that obtained 
with the cycloidal motion. 

To conclude, it might be of interest to mention an experience 
with a spring-loaded follower which could not operate satisfac- 
torily at 1100 rpm; excessive noise of operation and overthrow 
when imparted a gravity motion, but ran smoothly at the same 
speed when the deceleration of the follower had sine-wave charac- 
teristics. At 960 rpm the gravity-motion follower was still too 
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noisy to be satisfactory in service, although its deceleration was 
less than that of the cycloidal-motion follower at 1100rpm. High- 
speed movies of these motions showed striking differences in the 
smoothness of operation of the driven member. 

It is positive indication that the rate of change in acceleration 


= ' 
and not the maximum acceleration only should be cone 
when designing cam-driven systems and intermittent-sy 


mechanisms. } 
The author wishes to thank the discussers of this paper \ 


have brought up many pertinent and interesting points. 


